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NEUROSCIENCE 
High-Speed Imaging Reveals Neurophysiological Links to Behavior 
in an Animal Model of Depression 
RD. Airan, L.A. Meltzer, M. Roy, ¥. Gong, H. Chen, K. Deisseroth 
Neural activity inthe hippocampi of rats with depressionike symptoms 
reflects the degree of abnormal behavior, providing a clue to the brain circuits 
Underlying depression 
10,1126/science.1144400 
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‘Mosaic Organization of Neural Stem Cells in the Adult Brain 

FT. Merkle, Z. Mirzadeh, A. Alvaree-Buylla 

The various types of new neurons that migrate to adult mouse olfactory cortex are 

‘each born in adiferent subregion ofthe stem cell area, the subventricular zone. 
10.,1126/science.1144914 


CONTENTS [ 


CHEMISTRY 

Label-Free, Single-Molecule Detection with Optical Microcavities 
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10.1126/science.1145002 
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Orbital and Millennial Antarctic Climate Variability 
Over the Past 800,000 Years 
J-Jouzel etal. 
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during the Holocene. 

10,1126/science,1141038, 
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NEUROSCIENCE 
Dentate Gyrus NMDA Receptors Mediate Rapid 94 
Pattern Separation in the Hippocampal Network 

TJ. McHugh et al 

Rats are able to distinguish a new environment froma similar one 
‘because of distinct patterns of synaptic strengthening in the 

dentate gyrus. >> Perspective SO 
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Hydrogen evolution correlates withthe edge length of triangular 
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The Reactions of Oxygen Atoms with Alkenes 
H, Sabbah et al. 
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‘Swarming Granular Nematic 
\. Narayan, S. Ramaswamy, N. Menon 
The collective o-dimensonal mation of copper rods in a solution, 
constrained only by particle-partile contact, shows similarities to 
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M.D, Behn, G. Hirth, PB. Kelemen 
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‘mantle underlying volcanic acs may be explained by sinking 
ofthe Loner cust. 
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Ancient Biomolecules from Deep Ice Cores Reveal a1] 
Forested Southern Greenland 
E, Willersiev eta. 
‘DNA sequences from organic material near the bttom of an ice core 
{ply thata conifer forest covered southern Greenland hundreds of 
thousands of years ago. >> News sfow’p. 36 
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‘Subcontinent Before and After the Toba Super-Eruption 

M. Petragiia etal. 

‘Asie in southern India shows that local human populations persisted 
‘through the cataclysmic Toba volcanic eruption 77,000 years ago. 
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‘Buddenbrockia Is a Cnidarian Worm 116 
E Jimenex Gun, H. Philippe. B. Okamura, P.W.H. Holland 
Protein sequences indicate that a strange worm discovered over a 
‘century 3g0 is actually a cnidarian, a finding that challenges views on 
‘body plan evolution. 
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Gene Expression 

CR. Landry et al. 

The expression levels of genes regulated by certain nearby elements 
‘or by many distant elements evolve particulary rapidly. 

MEDICINE 
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Differences in MyD88-Dependent IL-6 Production 

W.E, Nougler et al. 

The greater production ofan inflammatory cytokine in mate mice 
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Through the Adaptor Protein MyDBB 

S. Rakoff:Nahoum and R. Medzhitov 

{In mice an innate immune signaling pathway controls the 
expression of several key genes that influence tumor development 

in the intestine. >> Perpectivep. $2 
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epithelial cells to deal with a bacterial infection common inthe Lungs 
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H. Marshall 
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Pocket-Sized Powerhouse 
‘A neutron star infringes on the province of black 
holes. 


Oregon Cougars to Be Hounded 
‘New law may lead to more, not fewer, complaints 
about problem animals 

A Fertile Domestication of Cats 


‘Study pinpoints the Near East asthe cradle of cat 
domestication, 
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Latest research and training 
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‘GRANTSNET: July 2007 Funding News 
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Learn about the latest research funding, scholarship, fellowship, and 
internship opportunities. 
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Listen to the full-length version of the 
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week's issue, at 

se sciencemag ocgiciesundergrod_eduation07/ 
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<< Small Rods, Giant Fluctuations 


In nature, large-scale ordering can occur that seems to be 
triggered by local motions or interactions, such as in the 
motion of flocks of birds. On a much smaller scale, long 
rod-shaped molecules in solution can form a nematic liq- 
uid crystalline phase, in which the rod orientations are not 
isotropic but tend to align parallel to one another. 
Narayan et al. (p. 105; see the Perspective by Van Hecke) 
studied copper rods (about 5 millimeters in length and 0.8 
millimeters in diameter, and whose ends were thinned by 
etching) that were confined to two dimensions and agitated 
so that they behaved like a fluid. The ordering behavior was 
similar to that of nematic liquid crystals but occurred despite 
this system being far from equilibrium—density fluctuations 
caused by changes in ordering (swarming and flocking motions) 
increased as particle number W, unlike the equilibrium situation where 
fluctuations increase as N**. These persistent fluctuations are thus “giant” 
in nature—the local density does not reflect the overall system density 


Wireless Power Transfer 


Entanglement not only app 
states but also to the myriad of cords and cables 
that help recharge our laptop, cell phones, and 
other portable devices. Kurs et al. (p. 83, pub 
lished online 7 June; see the Perspective by 
Stewart) report a proof-of-principle demonstra 
tion of transferring electrical power wirelessly. 
Using near-field magnetic resonance between 
two strongly coupled induction coils, they can 
transfer 60 watts of electrical power with 40% 
efficiency across a distance of 2 meters. Because 


to quantum 


the extemal fields of this trans 
are mainly magnetic in character, the health 
risks should be less than that associated with 
systems that emit electrical fields 


sion process 


Cold but Quick 


Chemical reactions in solution generally acceler 
ate with rising temperature, but recent studies 
have revealed a class of gas-phase reactions 
between small, neutral molecules that follow the 
‘opposite trend. This phenomenon of rapid reac 
tivity at low temperature bears on our under 
standing of the chemical reactions that may 
‘occur in cold interstellar clouds, which are chal 
lenging to probe experimentally. Sabbah et al 
have performed precise laboratory rate 
measurements of © atom reactions with gas 
phase alkenes between ~20 to 300 kelvin. They 
then modeled the unusually rapid low tempera 
ture rates using a theoretical framework that 
includes two transition states, one of which 
involves low-energy rearrangement of a tran 
siently stable pre-reaction complex. The results 


www.sciencemag.org 


show promise for extensions of the method to 
other reaction systems of astrochemical interest 


Nailing the Myxozoa 
separ ne 


0x08, which 


lular parasites, hav 
defied phylogenetic 


placement for many 


years and have 
alternatively been 


classified as m 
bers of the proti 
animal kingdoms. 
Jiménez-Guri et al 
(p. 116) have per 
formed a phylogenetic analysis of an amino-acid 
alignment and find that the myxozoan Budden- 
brockia plumatellae—a strange worm discov 
ered more than a century ago—is actually an 
active, muscular, writhing, worm-shaped cnidar 
ian. The existence of a worm within the Cnidaria, 
Which includes jellyfish and corals, challenges 


views on body-plan evolution. 


Evidence from a 
Greener Greenland 


At present, glaciers cover about 10% of Earth's 
terrestrial surface, but there is only limited 
knowledge about the biota that occupied these 
vast areas before the ice formed; most fossil 
evidence is either deeply hidden or has been 
scoured away during periods of glacial expansion. 
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Willerstev et al, (p. 111; see the news story by 
Curry) were able to extract and amplify ancient 
DNA reproducibly from plants and insect 
from the silty sections of deep ice cores 
from just above the bedrock. At the time when 
this ice formed, southern Greenland 


was covered by a diverse boreal for 
est consisting of pine, spruce, alder 
and yew and inhabited by insects 
such as butterflies and moths, These 
results could be indicative of either 
extensive deglaciation of southern 
Greenland during the last inter: 
glacial (Eemian) or DNA survival 
over longer time scales of up to 2 
million years. 


Tools in the Toba Ash Tuff 
The voleanic eruption at Toba, Indonesia, 
77,000 years ago was one of the largest in 
Earths recent past. Tis eruption likely caused 
dramatic cooling of Earth's climate and perhaps 
influenced hum wolution—specifically early 
humans in eastern Asia—but evidence for evalu 
ating these effects has been sparse, Petraglia et al. 
(p..114) have identified the Toba ash in an 
archaeological sequence in India and found ito 
be rich with stone artifacts. The tols show a 
slight evolution across the ash layer but are 
fairly continuous. Ths record implies that local 
populations likely remained inthe region and 
that the sophistication of the tools suggests that 
modern humans may have reached India by the 
time ofthe Tbs eruption 
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"Our goal is to understand molecular 
interaction in cells. For this purpose, 
excellent instruments are of essential 
importance.” 


Because live cell imaging is so fundamental to understanding cellular processes — and in particular 
understanding diseases, such as Parkinson's, Alzheimer's, and cancer, the requirements for accurate 


confocal microscopy are equally important 
e 
Dr. Oliver Eickelberg, M.D., Cellular and Molecular Medicine, Medical Clinic, GieSen, Germany CLCa 


wwwileica-microsystems.com MICROSYSTEMS 


This Week in Science 


Continued from page 13 
Diversity, Stability, and Controversy 


The relation between diversity and stability is one of the most contentious issues in ecology: Different 
theories contradict each other, empirical results are inconsistent, and theoreticians and empiricists 
‘often disagree. Ives and Carpenter (p. 58) review this debate and point out the numerous types of 
stability that describe different properties of ecosystems and correspondingly numerous relations 
between diversity and stability. Empirical studies, however, have emphasized only a few of these rela 
tions, often ignoring those that are most important for pressing environmental concerns. Both the 
Scope and focus of these studies should broaden to identify mechanisms that reveal generalities in 
diversitystability relations. 


Sea Anemone in the Spotlight 

The starlet sea anemone Nematostella vectensis is an emerging nidarian model, Despite the appar 
ent morphological simplicity of sea anemones, jellyfish, corals, and other cnidarians, Putnam et al. 
(p. 86; see the news story by Pennisi) report considerable complexity in the genome of the sea 
anemone. The Nematostella genome establishes the antiquity of many genes that were previously 
thought to be unique to vertebrates and provides a different perspective on the origins of novel 
genes in animals. 


Remembering the 
Fine Details 


Pattern separation is the process by 
which two similar input representa 
tions are transformed into more dis 
similar representations in order to 
reduce interference between the two 
patterns when they are subsequently 
stored in memory. Along held but largely untested hypothesis is that the hippocampal dentate 
Gyrus is involved in pattern separation, McHugh et al. (p. 94, published online 7 June; see the 
Perspective by Bannermann and Sprengel) generated a mouse line that specifically lacks 
‘Nemethyl-o-aspartate receptors in dentate granule cells, Standard contextual fear conditioning was 
nt affected, but the mice were unable to discriminate between two similar conditioning chambers. 


Inflammation and Tumor Progression 

Hepatocellular carcinoma, a common and deadly cancer ofthe liver, is 3 to 5 times more likely to occur 
iv men than in women (see the Perspective by Lawrence et al). Working in a mouse model in which 
Liver cance is induced by exposure to a chemical carcinogen, Naugler et al (p. 121) propose a molecu 
lar basis for this phenomenon explained by the action of the female hormone estrogen and its ability to 
inhibit inflammatory responses in the liver. Estrogen acts to inhibit secretion of interleukin-6 (IL-6) by 
liver macrophages known as Kupffer cells. Production of IL-6 was dependent on the signaling adaptor 
protein MyD88, which in turn may be activated by products of dying cells in the injured liver. Rakotf- 
Nahoum and Medzhitov (p. 124) implicate My088 in promoting another cancer, that of the intestine. 
Inflammation is known to be a risk factor for colorectal tumors. In a mouse model of intestinal tumor- 
genesis, mice lacking MyO88 showed inhibited growth and progression of tumors. 


Bacterial Susceptibility: Whose Vault Is It? 

The lung epithelia represent a major interface between the host and the outside microbial world and 
have evolved specific mechanisms to ensure the efficient clearance of pathogens. The importance of 
these processes is clearly evident in the lungs of cystic fibrosis patients, who are hypersusceptible to 
infection by Pseudomonas aeruginosa as a result of mutations in the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene. Kowalski et al. (p. 130) provide evidence that a component of 
mysterious intracellular structures known as vaults also plays a primary role in the defense against 
this pathogen. Alter binding CFTR on epithelia cel, 2 aeruginosa induced recruitment of major 
vault protein (MVP) to lipid rafts at the cell surface and the subsequent intemalization of the bacteria, 
In mice, this MVP -dependent process was required for resistance to infection, which suggests that a 
similar process may be important in humans. 
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EDITOR-IN-CHIEF 


The American Association for 
the Advancement of Science 
), publisher of Science, 
is initiating a search for Editor- 
Chief. The journal is pub- 
lished weekly with worldwide 
circulation to members of the 
AAAS and institutional sub- 
seribers, including libraries 
Science serves as a forum for 
the presentation and discussion 
of important issues relating to 
the advancement of science, 
With particular emphasis on 
the interactions among science, 
technology, government, and 
society. It includes reviews and 
reports of research having inter- 
disciplinary impact. 


In selecting an editor-in-chief, 
the Board of Directors will 
attach special weight to evi- 
dence of significant achieve- 
ment in scientific research, edi- 
torial experience and creativity, 
awareness of leading trends in 
the scientific disciplines, and 
managerial abilities. 


Applications or nominations 
should be accompanied by com- 
plete curriculum vitae, includ- 
ing refereed publications, and 
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Search Committee 
1200 New York Avenue, NW 
Wa: igton, DC 20005 


Salary is negotiable based on 
qualifications and experience. 
Application materials should 
be sent by August 15, 2007, 


The AAAS is an 
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Howdo 
Postdocs 
Spell 


Success? 


Here's your link to career advancement 


AAASisat the forefront of advancing early-career researchers 
offering job search, grants and fellowships, skil-building 
workshops, and strategic advice through ScienceCareers.org 

‘and our Center for Careers in Science & Technology. 

NPA, the National Postdoctoral Association, is providing a 
national voice and seeking positive change for postdocs 
partnering with AAAS in career fairs, seminars, and other 
‘events. In fact, AAAS was instrumental in helping the NPA 
sgetstarted and develop into a growing organization and 
Avital link to postdoc success. 


Ifyoute a postdoc or grad student, goto the AAAS-NPA link 
to ind out how to spell career success. 


NATIONAL 
POSTDOCTORAL 
ASSOCIATIONS 


Science 


Donald Kennedy is 
Editor-in-Chief Science, 


Science Teaching Roundup 


HIGHER EDUCATION, NOT ONLY IN THE UNITED STATES BUT IN MANY OTHER NATIONS 
as well, has come in for recent eriticism about the way it prepares undergraduate students 
for Life Afterward. For our readers, there's a two-way concern about science education, 
First, we are losing too many from the cohort of exceptionally able people who might go 
on to do graduate work and forge distinguished research careers. The second concern is 
about how well we instill in the others enough curiosity and basic understanding to 
qualify them as useful citizens of the modern world. 

For the past year and a half, Science and our collaborators at the Howard Hughes Medi 
Institute (HHMI) have been giving some attention to programs and experiments in (mostly) 
undergraduate education, in a monthly Education Forum, In an announcement on this page 
(Science, 16 December 2005. p. 1741), HHMI President Tom Cech and I asked, rhetorically, 
why we couldn't do more for Kate, a mythic high school graduate who was excited about sci- 
cence in her high school but lost interest after the first overcrowded uni- 
versity lecture course in science. Of course, we hope that the Education 
Forum initiative, as it continues, will sow some seeds productive 
enough to keep the next generation of Kates engaged and excited, 

Now, for the second time in a month, the News section of Science 
focuses on teaching and how to do it better. In the | June 2007 issue 
(p. 1270), Science’s News Focus described how three U.S. universities 
have taken special steps to do something for their best scienci 
oriented undergraduates. Their purpose is not, as one might expe 
to turn them into pre-Ph.D. researchers. Instead, Brigham Young 
University. the University of Texas, and the University of Colorado 
aaim to make these students better prospects to fill the notoriously 
small pool of good hi teachers in the United States. A depressing joke, 
told in more than one state, goes: “What's the first name of our average high-school physics 
teacher?” The answer is oach.” These institutions hope to change that, 

In this week's issue, we go abroad to probe the situation internationally (p. 63): A 
stunningly imaginative teacher in Brazil who doubles as director of a science center: an 
ing who has taught for six decades and survived the Cultural 
Revolution is developing course materials for a bilingual physics course—in text and 
CD-ROM that will fill a gap to train engineers and physicists: an American woman who 
teaches Earth Science at the University of Akron, an urban comprehensive institution, 
where she knows she can make a difference. Every story has some encouragement about 
\ways in which the quality of science education can be raised. 

In the United States, there is a shrinking pool of potential science graduate students, so we 
need to look a the pool's input to see what happens in different kinds of institutions, Here's a 
Jook at colleges and universities of similar cost and selectivity, from a study begun at HHMI, 
For the decade 1986 through 1995, baccalaureate-only colleges were compared with research 
Universities by measuring bachelor’s degrees awanded in the previous decade with the number 
of Ph.D’s produced later. Four of the top five institutions in proportional rank were liberal arts 
colleges. The top two, Reed and Swarthmore, nearly doubled the productivity of Harvand and 
Yale. Even the absolute numbers contain some surprises: Carleton graduates over this period 
‘earned more Ph.D’ in chemistry than did those of Harvard Yale. Stanford. or Princeton. 

Had the research universities done as well as the liberal arts colleges, it would enlat 
pool of high-level scientists about which we worry so much. Why don’t they? Maybe 
intimacy of the college setting. An unpleasant possibility, though, is that undergraduat 
research universities, following the exhortation to get into a lab and do “real research.” sense 
the anxiety of graduate students and hear job-market horror stories from postdocs. Or they may 
observe the increasingly pressured work schedules of their faculty mentors, and the nar- 
rowed scope left for family life, and conclude that law or business school look like better 
natives, We better ask them. 


Donald Kennedy 


10.1126/science.1147131 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


ECOLOGY/EVOLUTION 


Fishing Induces Regime Change 


The speed of change in ecosystems ranges from the imper- 
ceptible to the abrupt. Rapid, nonlinear changes (referred 
to.as regime shifts) over time scales as short a5 1 year are 
by their nature difficult to study and even more difficult to 
attribute to specific causes. Nevertheless, the accumula- 
tion of data over periods of decades can provide critical 


tests of mechanistic proposals. 


Using time series data from fishery catches, long-term 
monitoring of plankton and planktivorous fish biomass, 
‘and oxygen concentration measurements over the past 50 
years, Daskalov et al. describe two major regime shifts 
‘and several minor ones in the Black Sea ecosystem. Preda- 


M. leidyi 


tory fishes were heavily depleted in the 1960s, causing a cascade of effects down the food chain in the 1970s whereby 
top-down consumer control was replaced by bottom-up resource control of the system, which became dominated by 
planktivorous fishes. A second major shift happened in the early 1990s, when there was a population collapse of 
planktivorous fishes and an outburst of an alien jellyfish Mnemiopsis leidyi. The time series data suggest overfishing 
as the driver of both of these shifts, rather than pollution or the alien invasion per se. The top trophic level of preda: 
tory fish has not recovered (and seems unlikely to), although the appearance of the jellyfish Beroe ovata, which preys. 
‘on Mt. [eidyi, may promote the recovery of the next highest trophic layer of planktivorous fish. — AMS 

Proc, Not. Acod, Si USA. 104, 10518 (2007), 


\mnunovooy 
The Markings of Diversity 


Antibody diversity in B cells is achieved through 
the Somatic rearrangement of variable-(diver 
sity)joining [V(D)}] genetic segments. Allelic 
exclusion ensutes that only one recombined 
allele is expressed in a given cell in part 
through the selective acquisition of epigenetic 
marking by demethylation of the allele that isto 
undergo rearrangement. 

Fraenkel etal. show that a second major 
mechanism, which further enhances antibody 


diversity and is known as somatic hypermuta 
tion (SHM), is under the same allele 

restricted control. They generated mice 
invhich developing callswere engi AMD 
nneered to carry a pre-rearranged anti | 
body kappa light chain at both al 

leles. In these cells, both alleles, 

rather than only one, were expressed, 

yet demethylation and extensive hyper 
mutation were confined to just one of the 

two. Thus, although differences in methyla 

tion did not influence the level of transcription 
after recombination (explaining how both 
rearranged alleles could be expressed in this 
system, these differences did correspond to 
‘SHM levels, The findings suagest that the same 
epigenetic marking system that mandates 
monoallelic expression of productively recom 
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bined alle 
body genes for further mutation, and that this 
discrimination occurs independently of tran- 
scription in mature B cells, — $}5 

‘Nat. mmunol. 8,735 (2007) | 


5 also targets the rearranged anti 


CHEMISTRY 
Drying and Wetting Droplets _| 


Exploring the phase eations of compersal- | 
this win Shim et a developed a microuid 
prt heet ster 
Ay solute-containing droplets. 
Surecantstabtzee 
aalean dope ae 


Droplet concentration, 
leading to crystaltization. 


flat rectangular cross-section of the 
channels causes the droplets to adopt a disklike 
shape, so that their area changes with droplet 
Volume. A droplet is then maneuvered into a 
region where the channel is connected to a 
reservoir via a poly(dimethylsiloxane) mem. 
brane. The reservoir can be filled either with dry 


| 
| 
| 
formed in an oil stream, and the | 
| 
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air to shrink the droplet and concentrate th 
solute, or with water to expand the droplet and 
dilute the solute, This system was used to deter 
mine the aqueous phase diagram of poty(ethyl 
‘ene glycol) (PEG) and ammonium sulfate and to 
study regions of nucleation and growth of pro 


tein crystals (lysozyme) from solutions contain: 
ing salts and PEG. — PDS 
1 Am. Chem. Soc, 129, 10.1021/)a071820! (2007). 


Astnopaysics 
Guiding the Gravity Wave Search 


General relativity predicts that when massive 
‘objects crash into each other, they should emit 
ripples in the spacetime fabric called gravita 
tional waves. Detection of these waves is an 
eagerly pursued but as yet elusive goal. The 
merger of binary black holes is one example of a 
powerful event that has been well studied theo: 
retically in the hopes of identifying a clear grav 
tational wave signature. Supernovae and collaps 
ing stars may also provide strong gravitational 
wave signals and thus an enlarged set of targets 
for detection. Dimmelmeier et al. performed 
computer simulations of fusion-burning stars 
progressing toward their golden years as non 
burning neutron stars. The authors paid special 
attention to the particularly strong gravitational 
wave butst expected just after collapse, as the in 
falling material slams against the hard iron core 


‘CREOM CE ETAL. APPL PS, LET, 53101 2007 


of the dying star. Exploring a wide range of 
parameters, they found a clear set of waveform 
templates that should expedite the search for 
<ravitational waves. — DV 

Phys. Rev, Lett. 98, 51101 (2007) 


APPLIED PHYSICS 
Lightly Sprung 


Ina Fabry-Pérot interferometer, two closely 
spaced reflective surfaces cause multiple reflec 
tions and only partial transmission of an incoming 
light beam, leading to multiple interfering trans 
mitted waves. Adjusting the distance between the 
‘mirrors finely tunes the transmitted spectrum—a 
‘useful technique in optical analysis. Dice etal 
‘manufactured a nanospring-based interferometer 
{shown below) through glancing angle deposition 
of the organic material trs(8-hydroxyquinotine) 
aluminum (Alq). The 
springs were deposited 
between conducting 
aluininum layers that 
transmitted ~80% of 
incident light. A 6.V 
potential compresses 
the springs by 1.2 nm, 
shifting the peak transmission wavelength by 
1.6 nm, Because Alg, is much softer than siicon 
dioxide, a material previously used for nanospring 
fabrication, the extensive compression does not 
induce breakdown of the springs. Envisioned 
applications include a movable mirror element 
iivmictoelectrochemical systems and a pressure 
sensitive optical transducer. — MSL 

‘Appl. Phys. ett, 90, 253101 (2007). 
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EDITORS’CHOICE 


CHEMISTRY 
Convoluted Chromatography 


A dranback of chromatographic separations is 
the waiting time necessary for analytes to travel 
{rom the injection site to the detector. High 
throughput screens are often Limited by this wait- 
ing period, during which isolated signal peaks 
punctuate a largely silent detection baseline. 
Recently, spectroscopic analysis has benefited 
{rom sophisticated mathematical algorithms that 
facilitate deconvolution of many overlapping 
signals from a single dataset, thereby allowing 
‘multiple samples to be analyzed all at once. 
Trapp has implemented a similar multiplexing 
approach to gas chromatography. Specifically, 
he assigned a distinct binary injection sequence 
to each sample (with each “1” prompting injec: 
tion and each “0” no action). Multiple samples 
‘were then injected continuously 
‘onto a separation column in accord 
with their assigned bar-code 
sequence, resulting in a much 
higher proportion of detected sig: 
nals during a given time period 
than in traditional chromatogra 
phy. The overlapping data could 
be deconvotved into individual 
chromatograms by means of a Hadamard trans 
form and subsequent matrix manipulations. The 
author analyzed samples composed of several 
organic alcohols and hydrocarbons as a proof-of 
principle and noted an enhancement in eff 
ciency of nearly a factor of 40.—}S¥ 
‘Angew. Chem. Int. Ed 46, 
110.2002/anie.200605128 (2007), 


<<A Painful Role for Ankyrin Repeats 


Transient receptor potential (TRP) channels are nonselective cation 


channels that sense heat and noxious chemicals, and hence are impor 
tant in nociception. One family member, TRPV, responds to capsaicin, 


www.stke.org 


the “hot” ingredient of chilli peppers. TRP channel activity is reduced by 
either desensitization (after prolonged exposure toa single stimulus) or 


<s 


tachyphylaxis (after sequential exposures tothe same stimulus). Increased intracellular Ca?* desen- 
sitizes TRPV1 currents, and this desensitization may be mediated by the calcium-binding protein 
calmodulin (CaM). Lishko et a. solved the crystal structure of the ankyrin repeat domain (ARD) 
found in the N terminus of TRPV:. They discovered that adenosine 5'-triphosphate (ATP), present in 
the crystallization solution, bound to the ARD. ATP-agarose formed a complex with purified TRPV1- 
ARO, which was inhibitable by free ATP. Patch-clamp assays of TRPVI-expressing cells showed that 
ATP sensitized TRPV1 and reduced tachyphylaxis after repeated exposure to capsaicin. Surprisingly, 
‘motation of residues in the ATP-binding site generated mutant TRPV1 channels that had reduced 
tachyphylaxis, even in the absence of ATP. This suggested that another factor that promotes tachy- 
phylaxis must bind to the same site on TRPV1, and that mutations of this site would result in a net 
decrease in tachyphylaxis. Exclusion chromatography analysis showed that CaM formed 2 complex 
with TRPV1-ARD that was Ca*-dependent and inhibitable by ATP. Together, these data reveal how 
the ARD of TRPV1 supports the sensitizing effect of ATP and the inhibitory effect of CaM. —JFF 
‘Neuron $4, 905 (2007). 
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For news and 
research 
with 
impact, 
turn to 
Science 


There's only one source for news and research with the greatest impact ~ Science. 
With over 700,000 weekly print readers, and millions more online, Science ranks 
as one of the most highly read multidisciptinary journals in the world. And for 
impact, Science can’t be beat. According to the recently released Thomson ISI 
Journal Citation Report 2005, Science ranked as the No. 1 most-cited 
multidisciplinary journal with a citation factor of 32. Founded in 1880 by inventor 
Thomas Edison, and published by the nonprofit AAS, Science’s reputation as 
the leading source for news, research, and leading edge presentation of content 


Continues to grow, Looking for news and research that willimpact the worl . 
tomorrow? Thenlookin Science, crience 


www.sciencemag.org 


To join AAAS and receive your own personal copy af Science every week goto ww.aaas.org/join 


Officially a 
disease now? 


Rare Bird 


Wildlife researchers have taken the first photo 
‘graphs of one of the world’s rarest birds: the 
recusve-billed bushbird, which tives in a dense 
bamboo habitat in northeastern Colombia, 
Paul Salaman, director of international pro: 
‘grams at the American 
Bird Conservancy, says 
the bird uses its ultra 
specialized bill to split 
open hollow-stemmed 
bamboo shoots and 
extract grubs and 
‘other invertebrates, 
Only afew dozen 
bushbirds are estimated 
to remain. Their 
survival is literally 
tmiraculous: In 1709, 
locals spotted an 
image ofthe Virgin Mary in the root of a 
felled tree. The Vatican declared it a miracle, 


Beak custor 
for bamboo. 


a relic forest around it ever since. Last year, 
the Colombian bird preservation group ProAves 
declared the area a bird reserve. 


Mental Illness: 
The Next Frontier 


Developing DNA tests for schizophrenia and 
bipolar disorder will be the focus of a new 
center at Cold Spring Harbor Laboratory in 


a chapel was built, and the church has protected 


Ni 


EDITED BY CONSTANCE HOLDEN 


More Addictions, Less Stigma 


Two institutes in the National Institutes of Health (NIH) may soon get name changes to 
emphasize that addiction isa disease. Last week, a Senate panel agreed to change the 
National Institute on Drug Abuse (NIDA) to the “National Institute on Diseases of 
Addiction” and to rename the National Institute on Alcohol Abuse and Alcoholism 
(NIAAA) the “National Institute on Alcohol Disorders and Health.” 

The bill's sponsor, Senator Joe Biden (0-DE), said the term “abuse” is “pejorative” 
and doesn’t convey that addiction isa brain disease. NIDA director Nora Volkow also felt 
that her institute's name should encompass addictions such as pornography, gambling, 
and food, says NIDA adviser Glen Hanson. “She would like to send the message that [we 
should] look at the whole field.” NIAAA director Ting-Kai Li also wanted his institute's 
fname changed to indicate that moderate drinking can be healthful. 

The Senate bill—a companion to a House bill introduced by Representative Patrick 
Kennedy (D-RI—was news to psychiatrist Eric Nestler of the University of Texas 
Southwestern Medical Center in Dallas, “My frst reaction is that Joe Biden should have 
‘more important things to do,” Nestler says. Expanding NIDA's purview to “diseases of 
addiction” seems like “overkill,” he adds, given that NIM's mental health institute also 
funds studies on gambling and other compulsive behaviors 


New York state. The Stanley Center for 
Psychiatric Genomics will be established with 
525 million—one of the largest gifts in the 
lab’s 117-year history—from the Theodore 
‘and Vada Stanley Foundation 

Earlier this year, the Stanleys funded an 
interdisciplinary center on severe mental 
illnesses at the Broad Institute in 
Cambridge, Massachusetts (Science, 
9 March, p. 1351). The new center 
hhas a narrower mission: “to un: 
ambiguously diagnose patients with 
psychiatric disorders based on their 
DNA sequence in 10 years’ time,” 
according to a 22 June announcement 
That's a tal order, the lab’s president 
Bruce Stillman acknowledges, 
because so far, only a handful of 

genetic variants have been strongly 
linked to psychiatric illnesses. The focus of 
the center is influenced by the fact that the 
Stanleys have a son with bipolar disorder, 
and Cold Spring’s chancellor, James Watson, 
has a son with a “schizophrenialike” disorder, 
Stillman says. 

The lab will use the gift to scale up its 
‘genomics efforts and hire scientists to comb 
DNA sequences from schizophrenia and 
bipolar patients for risk-related genetic 
variations. “I think that itis fair to say that 
\we are witnessing a fundamental change in 
psychiatric genetics research,” says David 
Porteous, a medical geneticist at the 
University of Edinburgh, U.K., who plans 
to collaborate with the new center. 


Lasker with: 
her horses. 


Nit 


She never ran a gel or trained an electron 
microscope on a virus, but Mary Lasker 
(1901-1994) had a huge impact on 
biomedical research. The fundraiser and 
lobbyist is the latest subject in the 
U.S. National Library of Medicine's 
Profiles in Science series, 

Lasker took illnesses person: 
ally—whether they were the fre 
‘quent ear infections she suffered as a child 
‘growing up in Wisconsin of the cancer that 
killed her husband, Albert. | am opposed to 
heart attacks and cancer and strokes the way 
| am opposed to sin,” Lasker said, She got 
angry and used her connections and gift for 
persuasion to try to get even. One of her 
achievements was helping to boost the 
National institutes of Health budget 150 fold 
inthe years after World War Il >> 


_profiles.nim.nih.gov/TL 
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CAMPAIGNS 


ROCK ON ICE, They are in their 20s, and they 
have their own rock band. There is nothing 
unusual about that. But what's different about 
‘Matt Balmer, Tris Thorne, Ali Massey, Rob 
Webster, and Roger Stilwell is that they are also 
members of a 22-person British research team 
studying climate change and evolutionary 
biology in the frozen Antarctic. On 7 July, 

the group, called Nunatak (a Greenlandic 

word for an exposed mountain summit within 
anice field or glacier), will put on a special 
performance at the British Antarctic Survey's 
Rothera Research Station, joining dozens of 
bands around the world in a 24-hour series 

of live concerts aimed at raising awareness 
about climate change. The event, lead by 

AL Gore's Alliance for Climate Protection, 

will be beamed to millions of viewers 
worldwide, and the proceeds will go toward 

a global effort to fight the climate crisis 


¢ » 


MOVERS 
EXOTIC FIND. It’s not often that you can 
convince a star player on the best team in 
your sport to head up an expansion franchise 
that's still on the 
drawing boards. 
But that's essentially 
what the people of 
Argonne National 
Laboratory in Illinois, 
pulled off last 
month, when they 
announced that 
renowned physicist 
Walter Henning 
would be rejoining 
the lab to lead their 
effort to build a new nuclear physics facility 
for generating rare chemical isotopes. 
Henning, who has worked three previous 
stints at Argonne, is currently the managing 
director for science and technology at 
Gesellschaft fir Schwerionenforschung mbH 
(GSH) in Darmstadt, Germany, the world’s 
premier facility for producing rare isotopes 
and smashing atoms together to create new 
superheavy elements. 

Sl scientists have created six novel 
superheavy elements in recent years 
But Henning and others are betting that 
‘Argonne may have the inside track on the 
future of rare isotope research. The lab is 
proposing to build a $550 million “exotic 
beam facility” that, with the help of new 


Nonprofit World 


IN GOOD HEALTH. The first director of the 
Global Alliance for TB Drug Development, 
also known as TB Alliance, a nonprofit in 
New York City that develops tuberculosis 
drugs, is leaving after 6 years to look for a 
new challenge. Maria Freire, who became 
TB Alliance's CEO and president after lead- 
ing the National Institutes of Health’s Office 
of Technology Transfer, announced her 
departure last month. 

Freire helped oversee the growth of the 
‘organization from three staffers to 30, built a 
portfolio of drug candidates, and raised more 
than $200 million from the Bill and Melinda 


Gates Foundation and the governments of several countries. “It's therright time to leave, when 
‘an organization is strong,” she says. Freire, who says she deliberately resigned before 
job-hunting to avoid "secret meetings behind closed doors,” will stay on as long as a year, she 
says, while a search committee finds the next director. Meanwhile, she’s looking for “the next 
challenge that will capture {her] imagination,” possibly in women’s or children’s health. 
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accelerator technology, is expected to 
markedly increase the rate at which novel 
isotopes can be generated and studied. 
Stuart Freedman, a physicist at the University 
of California, Berkeley, calls snagging 
Henning “a major coup for Argonne.” 


ABRUPT EXIT. The fledgling Perimeter 
Institute for Theoretical Physics in Waterloo, 
Canada, is looking for new leadership 
following the sudden departure of its 
founding director, Howard Burton, last 
month. According to institute spokesperson 
John Matlock, Burton's contract was up 

for renewal, but during discussions, 

they “didn’t come to an agreement on 

how to move forward.” 

Perimeter Institute was founded in 
1999 with a $75 million donation from 
Mike Lazaridis, 
€o-CEO of Research in 
‘Motion (RIM), which 
is the maker of the 
ubiquitous BlackBerry 
wireless e-mail device, 
and contributions 
from two other 
RiM executives. The 
Canadian and Ontario 
governments have 
since added more 
funding. The institute 
has carved outa 
prominent niche for itself in fields such as 
superstring theory, quantum gravity, and 
quantum information theory. 

Lazaridis hired Burton, a theoretical 
physicist from Waterloo University, to set up 
the institute. Burton won plaudits for hiring 
a cadre of young and dynamic researchers 
Science, § December 2003, p. 1650). 
Burton helped build the beginnings of an 
excellent institute,” says Princeton cosmologist 
Paul Steinhardt, chair of Perimeter's 
Scientific Advisory Committee. Steinhardt’s 
committee and senior staff are now scouting 
for candidates for a new director. Matlock 
says it's a pretty mature institute, “It’s more 
than a startup now, so | wouldn't be surprised 
if there was a different tone of leadership,” 
he says. Burton, who has written a history 
of the institute to be published next year, 
is planning a year away from science projects 
in southern France, where he'll be working 
‘on publishing projects. 
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GOVERNMENT ETHICS 


Supersized Lab Draws Fire at 
NIH's Environmental Institute 


The director of the National Institutes of 
Health's (NIH'S) environmental health insti- 
tute has landed in hot water over the manage- 
ment of his personal lab, David Schwartz, 
director of the National Institute of Environ 
mental Health Sciences (NIEHS) since May 
2005, broke ethics rules, according to memos 


obtained by Congress, when he brought in 


“guest researchers” from his former 
employer, Duke University. The problem, 
along with overspending, led NIH to take the 
highly unusual step this spring of barring 
Schwartz from his own lab for about 3 months 


aand sending about a dozen researchers back 
to Duke, The ease 
what limits NIH should apply to labs ru 
ranking offic 

The “de-Dukii 
official described it in an e-mail, is 
eral issues involving the NIEHS chief brow 
to light by Senator Charles Grassley (R-IA) 
last week. The senator also took Schwartz to 


es questions about 
by 


process, as one NIH 


witness in asbestos lawsuits while he was 
NIEHS director, despite advice from NIH 
ethics officials that he drop this work. These 
and lesser ethics problems are detailed in an 
S-pae, 21 June letter from Grassley to NIH 
director Elias Zethouni, 

Schwartz and NIH officials say misunder- 
standings underlie many of these problems. “I 


SIZE O| 


think it's clear that Dr. Schwartz did not under- 
stand the rules.” says NIH deputy director 
Raynard Kington, referring to the lab staffin; 
Schwartz, a pulmonologist specializing in 
es. 1s known for 
the role genetic variation plays in 
responses to inhaled endotoxins. At Duke's 
tment 


medical cemter, he was head of a dep: 
had six research grants, and ran a lab with 
more than 30 people, he says. The terms of 
his appointment as chief of the S642 million 
NIEHS included a lab with 16 staff members. 
da faculty position 


Because he re 
Duke, he also agreed to recuse himself from 
matters involving the un 

Ne; 
Schwa 


ersity 
otiations for the transfer of the 
tz lab to NIH followed the usu 
process for incoming directors, says Michael 
mu 


Gottesman, NIH deputy director of int 
research. The new lab was placed under 
the authority of another institute to provide 
independent oversight. Several directors 
now have labs, from “very small to moderate 

ite 


size” of a dozen people or so, 
says (see table, below). 


t, Lung and Blood 
Institute (NHLBI), it was administered by 
NIEHS because NIEHS is in North Carolina, 
n campus in Bethesda, 
Maryland. Kington says this resulted in a lack 


F SELECTED NIH DIRECTORS’ LABS 


Director Institute __ Scientific Staff 
J. Niederhuber NCI 9 
A. Fauci NIAID 15 
E. Nabel NHLBI 1 
1. Berg NIGMS 6 
G. Rodgers NIDDK 8 
F. Collins NHGRI v7 
D. Schwartz NIEHS 26 (now 14) 


Balancing act. NIEHS director David Schwarz, like other NIH institute chiefs, juggles administrative duties 
and leads a research group. Schwartz's lab was trimmed after he violated agency guidebines. 
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erhaul fi 


ence in E 


of “checks and balances” when Schwartz 
began asking for waivers to bring in more of 
his Duke staff. “I thought it was reasonable 
to allow them to continue to train with me, 
Schwartz says, adding that although his 
26-member lab was “lange.” he felt it “was not 
impeding my ability to direct the institute 

But after or NIEHS offical raised 
questions, NIH concluded that not all of 
the guest appointments were covered by 
Schwartz's waivers, Kington says. Kington 
also learned that Schwartz had ex 
his lab budge 
$4 million, which Kington a 


ibutes to a 
mistaken assumption that his group would 
not be charged for using NIEHS core facili- 
ties. To make“a clean break,” Ki 


ary, while NIH appointed an NHLBI 
to administer the lab and moved all 
12 or so guest researchers back to Duke. 
There were consequences for the guests, 
some of whom had been at NIEHS as long as 
1Smonths, Schwartz says. Atleast two fellows 


had to shut down mouse experiments, aecord= 
ing to an NIEHS scientist who asked not to 
be identified. Schwartz says that “it was dis- 


n lots of ways.” but that the t 


ruptive ines 


have found other labs and are “progressing 

The letter from Grassley also questions 
Sehy 
asbestos cases for law firms. Kington says this 
involved clinical evaluations that Schwartz 
had done before he came to NIEHS. Although 
“many at the agency had 
the activitie 
Schwartz to stop, Kington says, Schwartz has 
discontinued the law-firm work. 

This is not Schwartz's first brush with 
controversy. One of his first proposals at 
NIEHS was to privatize the institute's jour- 
nal, Environmental Health Perspectives. He 
backed off after environmental groups and 
many scientists protested, Two senior scien- 
tists within NIEHS offera mixed assessment. 
People may find Schwartz’ style aggressive, 
but “he’s really pushing us” in a good Way 
‘one says. adding that he hopes the ethics rev 
lations won't lead to Schwartz's departure. 
Meanwhile, Grassley has asked NIH for 
cluding information on. 
similar conflicts. if any, involving other 


z's work as an expert witness on 


more documes 


directors—by 10 July i 
JOCELYN KAISER 
With reporting by Marissa Cevallos. 6 


wwaw.sciencemag.org, 


GENOMICS 


Sea Anemone Provides a New View of Animal Evolution 


Genome sequencers have just jumped down 
and the 
iven them a new perspective on 
soded DNA 
of a few-centimeter-tall sea anemone looks 


to a lower branch on the tree of life 
view has 


animal evolution, The newly d 


surprisingly similar to our own, a team led by 


Nicholas Putnam and Daniel Rokhsar from 
the U.S. Department of Energy Joint 
Genome Institute in Walnut Creek, Califor 
nia, reports on page 86. This implies that 


even very ancient 


homes Were quite 
complex and contained most of the genes 


necessary to build today’s me 


cated multicellular creatures 


The work is truly stunning for its deep 
evolutionary implications,” says Billie 
Swalla 


at the University of Washington, Seattle, 


n evolutionary developmental biolo- 


Until now, researchers have relied heavily on 
the sequenced genomes of the fruit fly, nema 
tode, and that of a few other invertebrates to 
understand 


nome evolution leading up to 
the vertebrates. But the new work drives 


home how streamlined these invertebrate 


genomes have become. In contrast, the sea 


anemone’s has not changed much 


and retains many of the features present in our 
last common ancestor.” says Jacek Majewski 


‘a geneticist at McGill University in Montreal 


Canada, [tseemsto fill the niche essential to 
answer many evolutionary questions. 
Animals divide into two 


Oups. spe 
and eumetazoans. The cumetazoans consist of 
comb jellies, cnidarians such as anemones, 


and bilaterians, which include everythi 


limpets, lions, lobsters, and us. Comb jellies 


and enidarians branched off before bilaterians 
diversified into the variety of animal groups 
known today, and they are considered rela: 
tively canisms. Cnida 


‘simple” 01 ans, for 


example, have a mouth but no anus; two tissue 


layers, not three; a nerve net, but no central 
nervous system per se. 

Biologists have had plenty of bilaterian 
genomes to work with. But to look back in 


lime, they needed a nonbilaterian genome for 
comparison—genes and genome features 
‘common to both bilaterians and nonbi 
likely existed in their common ancestor 
730 million years ago. In late 2004, Putnam, 
Rokhsar, and their colleagues began decipher- 


ing the 450-million-base genome of the 


enidarian of choice, the starlet sea anemone 
Nem 


The drafi genome is already producing 
many surprises, Among the anemone’s 
18,000 or so protein-codii 


zenes, the 
166 th 


researchers have identified re also 


More than one way to do it. In a din 


volution, the ne 


gene linkages in nematodes and fruit flies. 


N 


reaver, the anemone genes look verte- 
like 


ons called intror 


They often are full of noncoding 


common in nematodes and fruit flies than in 
And more than 80% of the 


tes. 


anemone introns are in the same places in 


humans, suggestin; 


hat they prob- 


ably existed in the common ances- 


tor. “The work presents a n 


piece of the puzzle, which people 
studying intron evolution have 


been searchin, 
says Majewski 


foor in the past few 
years, They 
present a strong validation for an 
intron-rich ancestor." he says. 
When they compared the 


nome with those of 


fungi, plants, and protists, which 


include slime molds and ciliates, 


the researchers determined that 
1500—20"%—of the ancestral 
wenes originated after animals 
diverged from plants and fungi 
Some genes appear to be com- 
pletely new. Others, includit 


for cell-adhesion proteins and sig- 


naling molecules, are combinations 


of new sequences and much more 


ancient DNA or combinations of 


parts of ancient genes. These novel 


this 


a anemone reproduces sexually, releasing eggs (right), and wenes set the stage for the evolution 
asexually, developing a second head, then cleaving across the of highly organized tissues, notably 
middle of the body Uefo. nerves and muscles, subsequently 


present in bilaterians. Those shared. 


resent the knowable part of the ancestral gene 


set. Three-quarters of the genes turn up in all 
ined, humans 


three major animal groups € 


among them, but 1292 have been lost in the 
fruit fly and the nematode 

the big surprises of the anemone 
genome, says Sw 
blocks of DN. 
ment of 


One 


have the same comple 


Individual genes may have swapped places, 


but often they have remained linked 


jogether despite hundreds of millions of 


years of evolution 
m, Rokhsar, and their collea 
report. Researchers see little conservation of 


separate paths 
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seen in bilaterians, says co-author 
John Finnerty of Boston University 


Finnerty and his graduate student James 


sullivan also looked in the anemone genome 
for 283 human 


of diseases. They will report in the July issue 
of Genome that they found 226, Moreover, in 
1 few cases, such as the breast cancer gene 
BRCA2, the anemone’s version is more simi- 
lar to the human’s than to the fruit fly's or to 
the nematode’ 

All these results go to show, Stys Finnerty 
Nema 
more insights into the functional evolution of 
hum 


tha nstella’s genome may provide 


nes than many far more closely 


related animals. 
~ELIZABETH PENNISI 
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CLIMATE CHANGE 


Another Global Warming Icon Comes Under Attack 


Climate scientists are used to skeptics taking 
potshots at their favorite line of evidence for 
xlobal warming. It comes with the territory 
But now a group of mainstream atmospheric 
scientists is disputing a rising icon 


rather well (see figure). A narrow range of 
simulated warmings (purple band) falls right 
‘on the actual warming (black line) and dis- 
tinctly above simulations run under condi- 


gas changes are well known, they note, but 
not so the counteracting cooling of pollutant 
hazes, called aerosols. Aerosols cool the 
planet by reflecting away sunlight and 
increasing the reflectivity of 
clouds. Somehow, the three 


researchers say, modelers failed 
to draw on all the uncertainty 
inherent in aerosols so that the 
20th-century simulations look 
more certain than they should 
Modeler Jetirey Kichl of the 
4 National Center for Atmospheric 


Research in Boulder, Colorado, 
ched the same conclusion by a 


ofglobal warming, and researchers 4.9, 

are giving some ground. 9 ‘Models using only natural forcings: 
The challenge to one part of = Se Models using both natural and 

the latest climate assessment by anthropogenic forcings 

the Intergovernmental Panel on i O5F ae Observations 

Climate Change (IPCC) “is nota 

question of whether the Earth is 

warming or whether it will con- B99) 

tinue to warm” under human 

influence, says atmospheric scien ss 

tist Robert Charlson of the Uni- 1900 B50 


versity of Washington, Seattle, 
one of three authors ofa eommen- 
tary published online last week in 
Nanure Reports: Climate Change. 
Instead, he and his co-authors argue that 
the simulation by 14 different climate mod- 
els of the warming in the 20th century isnot 
the reassuring success IPCC claims it to be. 
Future warming could be much worse than 
that modeling suggests, they say, or even 
more moderate. IPCC authors concede the 
roup has. point, but they say their report 
i you look in the right places—refleets the 
uncertainty the critics are pointing out. 
‘Twentieth-century simulations would 
seem like a straightforward test of climate 
models. In the run-up to the IPCC climate 
seience report released last February (Science, 
9 February, p. 754), 14 groups ran their mod- 
els under 20th-century conditions of rising 
greenhouse gases. Asa group, the models did 
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\Not so certain. The uncertainty range in the modeled warming (red bar) is. 
‘only half the uncertainty range (orange) of human influences. 


tions free of human influence (blue band) 
But the group of three atmospheric scien- 
tists—Charlson: Stephen Schwartz of the 
Brookhaven National Laboratory in Upton, 
New York: and Henning Rodhe of Stock- 
holm University, Sweden—says the close 
match between models and the actual warm 
ing is deceptive. The match “conveys a lot 
more confidence [in the models} than can be 
supported in actuality.” says Schwartz, 
To prove their point, the commentary 
authors note the range of the simulated warm- 
ings, that is. the width ofthe purple band. The 
range is only half as large as they would 
‘expect it to be, they say, considering the large 
range of uncertainty in the factors driving 
‘mate change in the simulations, Greenhouse- 


Science Gets New Home in U.K. Government 


Science appears to have a more prominent role 
in the British overnment after the cabinet 
reshuffle that followed last week's handover of 
power from Prime Minister Tony Blair to his 
successor Gordon Brown, One of Brown's first 
acts was to create a new ministry whose 
responsibility includes both research and 
higher education. “The government's long- 
term vision [is] to make Britain one of the best 
places in the world for science, research, and 
innovation.” Brown said in a statement. 

Researchers have cautiously welcomed the 
new arrangement. “The challenge for John 
Denham, the new minister, will now be to 
censure that the department has strong voice at 
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the cabinet table.” says cosmologist Martin 
Rees, president of the Royal Society. 

The United Kingdom's science budget had 
‘been managed by the Department for Trade and 
Industry, and higher education, by the Depart- 
ment for Education and Skills. Buttheir coming 
together in a new Department for Innovation, 
Universities, and Skills (DIUS) is 
concern because a single departm 
responsible for both arms of the “dual support” 
funding system—competitive grants provided 
by the research councils and direct funding to 
university science departments. “John Denham 
is going to have to ensure that the two halves 
remain distinct and that both sustain high levels 


2000" different route, In an unpublished 
but widely circulated analysis, he 
plotted the combined effect of 
greenhouse gases and aerosols 
used in each of 11 models versus 
how responsive each model was to a given 
amount of greenhouse gases. The later fa 
tor, called ¢ sensitivity, varies from 
model to model. He found that the more sen- 
sitive a model was, the stronger the aerosol 
cooling that drove the model, The net result 
of having greater sensitivity compensated by 
a greater acrosol effect was to narrow the 
apparent range of uncertainty, as Schwartz 
and his colleagues note, 

“I don't want certain interests to cli 
that modelers are dishonest.” says Kiel, 
“That's not what's going on. Given the range 
of uncertainty, they are trying to get the best 
fit [to observations] with their model.” 
That's simply a useful step toward using a 
model for predicting finure warming. > 


iT 

i 
of says Peter Cotgreave of the 

‘Campaign for Science and Engineering. i 

Alisa bells have secasty oe Fagg 

a 

é 

i 

i 


nding, 


‘over a decline in the number of students opt= 
ing to study science at university (see p. 68 
and Science, 4 February 2005. p. 668). The 
DIUS “will haveto have strong links with [the 
new] Department for Children, Schools, and 
Families in order to ensure that young people 
are choosing to study science and engineering 
ata higher level." Cotgreave says. 

And researchers have one other beef with 
the plan for DIU: 
ferred the word ‘sci 
title.” says Rees. 


‘We would have pre- 
ce" to appear in the 
~DANIELCLERY 


waww-sciencemag.org 
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IPCC modelers say they never meant to 
suggest they have a better handle on uncer- 
tainty than they do. They don’t agree on how 
aerosols came to narrow the apparent range of 
uncertainty, but they do: 
simulations are not IPCC’s best measure of 
uncertainty. “I'm quite pleased with how 
we're treating the uncertainties,” says Gabriele 
Hegerl of Duke University in Durham, North 
Carolina, one of two coordinating lead 
authors on the relevant IPCC chapter, “but 
it’s difficult to communicate” how they 


ASTROPARTICLE PHYSICS 


A Road Map for European Facilities 


‘The youthful field of astroparticle physics 
the study of the universe via the cosmic rays, 
gamma rays, gravity waves, and neutrinos 
that rain down on Earth—has a growing 
‘appetite for infrastructure funding. Last week, 
a body representing astroparticle physi 
across Europe released the first draft ofa wish 
list of facilities. 
large infrastructures can be funded in the next 
10 years,” says Stavros Katsanevas of 
France's National Institute for Nuclear and 
Particle Physics. 

Physicists studying these high-ener 
tors from space use a wide ra 


sts 


hiques—vast caverns filled with water to 
detect neutrinos, arrays of telescopes to spot 


the flash of light when a high-energy gamma 
ray hits the upper atmosphere, and interferom- 
eters with arms several kilometers long to 


sense gravity waves. In 2001, six European 
funding agencies formed the Astroparticle 
Physies European Coordination (ApPEC) to 
pool their efforts in the field. A committee was 
set up 3 years ago to develop a road map and 
this effort was joined in 2006 by a new Euro- 
pean Union (E.U.)-funded astroparticle 
physies network called ASPERA. 

The road map committee divided the 
field into seven themes, including dark- 
matter searches, charged cosmic-ray 
detectors, and neutrino experiments, and 
asked researchers to propose facilities. 
Through town meetings and dialogue with 
researchers, the committee came up with its 
highest priority projects foreach theme.“We 
covered practically every project in Europe 
‘or with European participation,” says com- 
mittee chair Christian Spiering of DESY, 
Germany's particle physics lab. Although the 
committee declares that all the h 
ranked projects are needed, ApPEC pushed 
four to the front of the line for E.U. funding 
anew telescope array for gamma rays, a dark 


est 


arrived at their best uncertainty estimates. 
Hegerl points out that numerical and graph- 
ical error ranges in the IPCC report that are 
attached to the warming predicted for 2100 are 
more on the order expected by Schwartz and 
hiscolleagues. Those error bars are based on’ 
much more complete analysis of uncertaint 
than the success of 20th-century simulations, 
she notes. It would seem, as noted previously 
(Science. June, p. 1412), IPCC could improve 

its communication of climate science. 
“RICHARD A. KERR, 


matter detector, an underground detector for 
neutrino astronomy and proton decay, and 


next-generation gravity wave interfer 
ASPERA coonfinator Katsanevas sys this 
sort of consensus-building exercise is essential 
in Europe, where there are 17 national funding 
agencies with interests in astroparticle physics. 
Working groups for each theme will now 
refine the draft rond-map proposals with mil 
stones and budgets and consider how they 
might tie in with similar efforts in the United 
States or Japan. At present, the total cost of the 
seven projects proposed (€ 1.2 billion) would 
be roughly twice the funding currently avail- 
able in Europe for astroparticle physics. 
European astroparticle physicists have 
largely welcomed the road map, “The commu- 
nity has been brought together more than ever 
before,” says John Carr, spokesperson for the 
ANTARES Collaboration. which is construct- 
ing a neutrino telescope on the seabed off 
France's Mediterranean coast. 
~DANIELCLERY 
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Sarkozy Assumes, 
Bestows Control 


PARIS, FRANCE—French president Nicolas 
Sarkozy is fulfilling a campaign promise by 
moving quickly to give more autonomy to his 
country's 85 universities. His cabinet is review 
ing a bill on the topic this week expected to be 
‘debated this month in the National Assembly, 
where Sarkozy's UMP party has a majority 
University presidents and the French Academy 
of Sciences have welcomed the bill, but a group 
of trade unions calls it “unacceptable” because 
they say inequality between schools wil 
increase with the competition 

Many in France say the goverriment controls 
Luniversities too tightly (see page 6). The new 
bill gives universities more freedom to manage 
budgets, investments, and realestate, and 
bestows new powers on school presidents, such 
as mote control over personnel matters. Some 
controversial elements ofthe bill—including 
allowing universities to select students entering 
the master's 
applicants—were scrapped after the govern 
ment negotiated with unions and student move: 
iments last week. But unions still have called on 
their members to protest the revised bill. 

MARTIN ENSERINK 


Souring on Fake Sugar 

Fearful it causes cancer, 12 US. environmental 
health experts last week asked the U.S. Food 
‘and Drug Administration (FDA) to review the 
potential health risks ofthe artificial sweetener 
aspartame, which appears in everything from 
medicines to diet sodas. A study published lat 
month in Environmental Health Perspectives 
found somesat more leukemias and lym 
phomas in male rats receiving less aspartame 
than the recommended maximum for humans; 
at higher doses, the rats had a marked increase 
in cancers throughout the body. Pregnant rats 
were fed the sweetener, and animals received it 
‘once they'd been weaned. 

The work, by scientists atthe European 
Ramazzini Foundation of Oncology and Envi 
ronmental Sciences in Bologna, ital, is “more 
sensitive and more realistic” than earlier aspar 
tame studies, says James Huff of the National 
Institute of Environmental Health Sciences, 
who signed onto the FOA|etter drafted by the 
Washington, D.C.-based watchdog group 
Center for Science in the Public Interest. But 
because the study conflicts with earlier work, 
FDA spokesperson Michael Herndon says that 
the agency finds the study unpersuasive and 
that “aspartame is safe,” FDA's European coun: 
terpart has not responded publicly to the study 
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SCIENCE POLICY 


Egypt Plans a Shakeup of Research Programs 


A bloated seience bureaucracy and a 
grant-awarding system have long hampered 
yptian research, with critics complaining 
that too little of the science budget trickles 
down to productive scientists, In an effort to 
1¢ that system, Egypt's government is 
moving to create a research-funding 

hike the science budget, and bolster poli 


e must have an effective mechanism 
for distributing research funds on a competi- 
tive basis,” Egypt’s science minister, engineer 
Hany Hela, told Sefence. The current system 
needs to be overhauled, he says, because inno- 
vation is lagging. At his urging, the nation’s 
Cabinet recently approved a science restruc- 
turing plan and is awaiting a presidential 
decree to give it the force of law. “From the 
president on down, we are committed to 
increasing science and technology [S&T] 
spending and strengthening Egyptian sei- 
ence," Hela says. 

Similar promises have been made before, 
but Egypt's S&T spending, as a percentage 
of gross domestic product (GDP) 
has fallen to 0.2%—well below 
the l% average for developing 
countries. And although Egypt 
has the most extensive research 
structure in the Arab world in 
terms of research and develop- 
ment units, it ranks near the 
bottom among Arab countries 
in expenditures per scientist 
Despite Egypt's traditional 
strengths in chemistry and en 
neering research, the United 
Nations Educational, Seientif 
and Cultural Organization sur- 


New deal 


s indicate that the nation’s 
share of the world’s scientific 
publications has fallen over the 
last decade to about 0.3%, down 
from 0.4% in 1991, and its level 
of registered patents has been 
low. Helal says part of the new 
plan's goal is to jump-start inno- 
vation, for which he “wants to see 
more competition and more 
groups of researchers from dif 
ferent institutions or universiti 
who apply jointly for grants.” 
Prime Minister Abed Nazif, a 
former computer engineering pro- 
fessor at Cairo University, said in a 
statement that he will push for 
Egypt to devote more of its budget 
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toresearch, perhaps 10 times the current rate 
He added that “restructuring the scientific 
research sector isone of the govemment’s main 
priorities.” Nazif will have an important role in 
the revamped system, chairing a new 18- 
member S&T council—modeled on a similar 
pane! in Japan—which will include six scien- 

ists, eight Cabinet members with research 
portfolios. as well as representatives of industry 


and finance. Aly El-Shafei, a University of 


Cairo engineering professor who led the team 
that critiqued Egypt’s S&T system, says “we 
‘need strong political suppor” to improve se 

ence. The new council will develop a plan to 
push S&T and increase spending, which Helal 
says should reach 1% of the GDP “in the short 


ation of new funding agency with an empha- 
sis on competitive grants. Other eritics con- 
tend that to0 much of the science budget now 


oes to salaries and overhead costs at govemn- 
‘ment research centers and not enough to 
merit-based grants. 

The planned restructuring would transfer 


sive Acade 


which will be y 
Funding Agency. Helal says the academy 
“will study important topics and produce 
reports, but its future role will not be in 
funding research.” The academy's acting 
president, agronomy professor Mohsen 
Shoukry—who was among the officials 
who took part in the restructuring talks 
told Science that he supports the proposal 
for a new funding agency. He said the 
details of the academy's restructuring “are 
still under discussion. 

Partly because the government has not 
publicized the plans, Egyptian scientists are 
taking a wai attitude, But many 
‘would be pleased if reform means better 
support, “We would like to see more funding 
e 1 the sciemtists who do research, 
says physicist Amr Shaarawi, an associate 
dean for research at The American University 
in Cairo, He says a typical Egyptian grant 
tends to be “very low" —a few thousand dol- 
Jars, For that reason, many university-based 
researchers rely on international research 
grants from Europe, North America, and the 
Arab S&T Foundation, 

The lone Egyptian-born science Nobel 
laureate, physical chemist Ahmed H, Zewail 
(Nobel prizewinner for chemistry, 1999) of the 
California Institute of Technology in Pasadena, 
called the Egyptian plan “a positive step for- 
‘ward but added that more changes are needed, 
“You can't do creative science in an environ- 
ment of excessive bureaucracy,” he said 
Zevail, who has spoken with Egypt's president 
about the need for science reforms, suggested 
several years ago that Egypt create a high-level 
council to promote science and also a “merit- 
funding agency, modeled in part on 
America’s National Science Foundation, 
Science minister Helal, whose portfolio 
Judes higher education, says his ministry is, 
also developing “a very ambitious plan for 
Egypt's universities” that will include numer- 
cous reforms. He is moving at the same time to 
expand Egypt's international scientific collab- 
cations, Helal thinks the presidential decree 
that will set in motion the science restructur- 
ing could come as soon as this month, 

ROBERT KOENIG 
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identification badges 


+ tqwork there e 


HOMELAND SECURITY 


NASA Lab Workers Decry 
New Security Checks 


Aerospace engineer Dennis Byrnes prefers the 
‘open work environment at NASA Jet Propul- 
sion Laboratory (JPL) in Pasadena, California, 
toa former job with a defense contractor that 
required a high-level security clearance. But a 


new rule requiring federal contractors to 
undergo an extensive background check 


before receiving an idemtification badge has 
given Byrnes an uncomfortable sense of 
déja vu. “I came to JPL to get away from the 
culture of secrecy.” he says, “Now L feel like 
Vim back in it. 

The new rule, which stems from a 2004 
directive issued by President Geonge W. Bush 
to improve security at federal facilities, 
requires workers to provide their fingerprints 
and give the government permission to collect 
information about their past from “schools, 
residential management 
criminal just 
establishments, or other sources of informa- 
tion.” Federal workers have been required to 
do this for years; the president's directive 


agents, employers, 


extends the requirement to contractors work- 
ing at federal facilities. 

JPL is managed by the California Institute 
of Technology in Pasadena, but its infra- 
structure is owned by NASA—unlike many 
Department of Energy labs, which are owned 
by their contractors. “All of our property is 
federal property, and the president's directive 
says individuals working on federal property 
must undergo the same background checks 
that have been required of civil servants,” says 
Veronica McGregor, a JPL spokesperson. 
Under that interpretation, most of the lab’s 
11,000 workers are affected, and NASA 
administrator Michael Griffin has made it 
clear that they have no choice. “If you do not 
|want to surrender the information to allow 


your backyround to be checked ... then yo 
‘cannot work within the federal system,” Griffin 
told JPL employees during a 4 June visit. 

That message hasn't gone down well 
among some JPL emp! 
form amounts to inviting the 
xo on an open fishing expedition.” says plat 
etary scientist Robert Nelson, One employee 
of 39 years, techni er Susan Foster, 
submitted her resignation after learning of the 
new policy this spring. Rumblings of protest 
have also arisen at NASA's Goddard Space 
Flight Center in Greenbelt, Maryland, which 
has a large number of contractors 

Nelson and three JPL colleagues have com- 
plained to two former physicists now in Con- 
uress, Representatives Vernon Ehlers (R-MD 
and Rush Holt (D-NJ), that the new require- 
ment could hurt the federal government's abil- 
y tohire the “Very best scientific and engineer 
i talent to address our nation’s complex tech- 
nical needs.” Holt says the directive is being 
implemented in a way that undermines “the 
‘open and free environment” required for doing 
“There isa real possibility that this rule 
courage scientists from working with 
the federal government." adds an aide of Hols 
On 21 May, Holt wrote to the Commerce 
Department, which developed common stan- 
dard for the new identification badges, asking 
the agency to rethink how the directive should 
be implemented. Commerce has yet to respond. 

JPL’s McGregor says anyone who objects 
to the policy “should work that through the 


‘court system.” Byrnes and his colleagues say 
th 


are ready to hire a lawyer and sue the 
overnment. Meanwhile, JPL officialsexpect 
every employee to have new IDs before the 
27 October deadline. 

~YUDHI}IT BHATTACHARJEE 
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Blueprint for Children’s Study 


Researchers can now weigh in on the National 
Children’s Study (NCS), a proposed $3 billion 
effort ordered by Congress. Last week, the 
National Institutes of Health (NIH) in Bethesda, 
‘Maryland, described how it intends to track the 
health of 100,000 U.S. children. The roughly 
600-page research plan, developed by NIH 
staff and outside scientists, outlines research 
methods and the study's 30 hypotheses 

from whether pesticides cause neurological 
problems to how social programs influence 
children’s health, Officials soon will post the 
document ontine, and submit it to the National 
Academies for a fast-track review. A more 
detailed protocol must be approved by the 
White House before the study can begin 
enrollment, now set for mid-2008, NIH hasn't 
wanted to fund the NCS, but Congress gave it 
569 million in 2007 with $110 million pend: 
ing for 2008, ~JOCELYN KAISER 


Spending Measure Pleases 
Robot Constituency 


NASA earlier this year canceled plans for a 
series of lunar landers as precursors to the 
human return to the moon. Not so fast, a 
Senate spending panel said last week. A report 
accompanying a bill containing the agency's 
2008 budget includes $48.7 milton to keep 
robotic moon landers on track in the wake of a 
recent National Research Council report that 
backed such missions as scientifically valuable, 
Legislators also includes $2.3 million fora joint 
NASA-Department of Energy mission to study 
dark energy that the space agency wants to 
delay because of budget constraints, and 
added money for earth sciences research in tine 
with their House counterparts. But the two bills 
disagree on the need to hunt for extrasolar 
planets. Although the House increased fund: 
ing, the Senate suggests that NASA scale back 
its plans even more ANDREW LAWLER 


Ecology Lab: Not Dead Yet 


Some 40 of roughly 100 staff members at the 
Savannah River Ecology Laboratory were let go 
29 June by the University of Georgia (UGA), 
which manages the lab, Ater the Department 
‘of Energy cut $2.2 million in 2007 funding 
(Science, 18 May, p. 969), UGA failed to make 
up the loss. The dozen or so faculty will stay, 
says former director Paul Bertsch, although 
officials are “still trying to figure out” how to 
Support research that is continuing with outside 
funding: a UGA offical says “university eff 
ciencies” will pick up much ofthe slack 

ELI KINTISCH 
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YANGYANG, SOUTH KOREA, AND BATAVIA, 
ILLINOIS—Deep inside Korea's Jeombong 
Mountain, ina vault suffused with an 
eldriteh red glow, a giant black cube 
begins to unfold. One thick, lead-lined 
wall filled with mineral oil, along with the 
box’s base, inches away from the rest o 
the structure to reveal a smaller cube of 
shimmering copper. A young man steps up 
and pulls a chain, hand over hand, and 
gradually, amid the clatter of steel, the 
face of the copper cube rises. The rarest of 
coins or the relics of a saint might be 
accorded such sanctity, but here, in an 
anteroom to a tunnel delved for a hydro- 
power station in northeastern Korea, the 
treasure is precious only to a p: 
physicist, Inside the copper cube are a 
dozen blocks of crystalline cesium iodide, 
doped with thallium and wired with elec- 
tronics that will register the tiniest scintila 
of light produced inside the crystals. 
Researchers are making a few final tweaks 
to their crystal array before sealing it up 
again and beginning an otherworldly quest. 

‘The 15 centimeters of gamma ray-blocking 
Jead and neutron-quenching oil in the black 
cube, the 10 centimeters of copper that 
absorb x-rays from the lead, the nitrogen 
piped into the copper bos, the red light, and 
the 700 meters of rock between the chamber 


ticle 
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and the outdoors all have a singular purpose: 
to minimize the number of spurious flashes 
inside the crystals. Hereat the Korea Invisible 
Mass Search (KIMS) experiment, researchers 
are hoping to be the first to spot what no 
indisputably has seen before: 
cles of dark matter. 

After years of preparation, physicist Kim 
Sun Kee of Seoul National Universi 
his KIMS colleagues began taki 
last month with a 100-kilogram array of 
crystals. Each day they hope to recon one or 
two instances of weakly interacting massive 
particles (WIMPs)—prime candi 
rk matter jum and iodine 
y sa flash of light 
That's assuming dark particles tangle with 
ordinary particles as many models predict. 
“If they don’t matter, we have 
no hope to find them.” says Kim. 

The KIMS experiment is one of a few 
dozen experiments racing to detect dark- 
matter particles. Like Kim's team, groups in 
several countries are engaged in so-called 
direct searches, strivin, 
jostling ordinary atomic nuclei. Others are 
tuming to the skies in indirect searches that 
seek signs of dark-matter particles annihilat- 
ing one another in the hearts of galaxies. 
Meanwhile. the world’s most powerful atom 
smasher, the Large Hadron Collider (LHC) 


near Geneva, Switzerland, 


sit turns 0 


ild make 
next spring 
“Thisis the epoch in which the central the- 
retical predictions are finally being probed," 
says Blas Cabrera of Stanford Universit 
Palo Alto, California, who for a decade has 
stalked dark matter as the eo-spokesperson of 
the Cryogenic Dark Matter Search (CDMS) 
project.“The best guess is within reach,” That 
prospect thrills researchers. At a recent work~ 
shop” at Fermi National Accelerator Labor 
tory (Fermilab) in Batavia, Illinois, more than 
halfthe 170attendees wagered that dark-mi 
ter particles will be detected within 
Discovery is not guaranteed. The 
retical models suggest that experi- 
menters should soon have dark matter in 
their grasp, but others predict the ghostly 
particles will be so elusive that researchers 
can never hope to snare them, It’s a make- 
or-break situation, predicts Rocky Kolb, a 
cosmologist at the University of Chicago 
Mlinois: “Either in 5 years we will kno 
‘what dark matter is, or we will never know.” 


dark 


matter as soon 


The WIMP miracle 
Astronomers first sei 
shadowy presence more 


ed dark matter’s 
an 70 years ago. 


* The Hunt for Dark Matter: A Symposium on Collider, 
Direct and Indirect Searches, 10-12 May 
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Unseen clouds. Astronomers can infer where dark 
‘matter lies in space, but nobody knows what it is. 


xy of the California Insti- 
tute of Technology in Pasadena calculated 
that the Coma Cluster of galaxies contains 
too little visible matter to hold itself 
together, Some unseen matter must supply 
the extra gravity that keeps the galaxies from 
flying into space, he reasoned, That maver- 
ick idea gained credence about 4 decades 
later when astronomers found that individ- 
ual galaxiesalso lack enough luminous mat- 
ter to hold on to their stars, suguesting that 
‘each galaxy is embedded ina vast clump, or 
“halo,” of dark matter, 
idence continues to mount, In 2003, 
researchers with NASA's orbiting 
Wilkinson Microwave Anisotropy Probe 
(WMAP) measured the big bang’s after- 
glow—the cosmic microwave back- 
sground—the temperature of which varies 
ever so slightly across the sky (Seience, 
14 February 2003, p. 991). The pattern 
of hot and cold spots reveals much 
about how the universe evolved, and 
researchers found they could explain the 
‘observed pattern if the universe consists 
‘of 5% ordinary matter, 22% dark matter, 
and 73% weird space-stretching “dark 
“energy,” all interacting through gravity. 
Researchers have never captured a 
speck of dark matter, however, Like a 
cosmic Cheshire Cat, the stuff hides 
plain sight, presumably floating through 
our galaxy and the solar system and 
showing only its gravity as its grin, That 
‘coyness vexes physicists, who assume 
that dark matter must consist of parti- 
cles, “This is the best evidence we have 
‘of new physics,” says Jonathan Feng. a 
theorist at the University of California, 
Irvine. “It’s simply a fact that there is 
dark matter, and we don’t know what it is. 
Theorists have dreamed up dozens of pos- 
sibilities, Dark matter could be particles that 
would exist if space has minuscule extra 
dimensions. Or it could be particles called 
axions that have been hypothesized to patch 
‘a conceptual hole in the theory of the strong 
forve that binds the nue 
‘Most promising may be the idea that dark 
matter consists of particles predicted by 
supersymmetry, a theoretical scheme that 
pairs every known particle with a heavier, 
undiscovered superpartner. The lightest 
superpartner, expected to be a few hundred 
times as massive as a proton, could be the 
long-sought WIMP. And if it interacts with 
§ ordinary matter as anticipated, then a simple 
calculation shows that roughly the right 
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amount of WIMPy dark matter should 
remain from the big bang. That uncanny 
coincidence, or“WIMP miracle.” suggests 
that supersymmetry is more than another 
stab in the dark, Feng says. 


Detecting is believing 
The proof is in the particles. The most obvi- 
‘ous way to find them is to eatch them bump- 
ing into ordinary matter, and the KIMS 
experiment joins more than a dozen experi- 
ments that are hunting for collisions with ever 
greater sensitivity—including one that 
claimed a signal. Spotting dark mater is eas 
ier said than done, however. The particles 
should interact with ordinary matter even 
more feebly than do neutrinos, which ean zip 


Darkest desires. k 
pun Kee oper his cestum 
Node array wil reaierer 


through Earth unimpeded. Researchers must 
also shield detectors from cosmic rays and 
other ordinary particles so that they may per- 
ceive the soft cries of dark particles amid the 
din of ordinary collisions. 

In the race to capture darkness, the front- 
runner for the past few years has been an 
experiment called CDMS, which runs in the 
Soudan Mine in northern Minnesota. Its 
$-kilogram “cryogenic” detector consists of 
stacks of germanium and silicon wafers 
cooled to within a fraction of a degree of 
absolute zero. If a WIMP crashes into a 
nucleus, it should knock loase several elec~ 
trons and produce a tiny pulse of heat. Ana- 
lyzing both the charge and heat signals, 
researchers can look for dark-matter particles 
‘and weed out neutrons and other red herrings. 
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Now: another experiment has taken the 
lead in sensitivity. The XENON10 experi- 
ment, which resides in a tunnel in Gran Sasso, 
Italy, consists of'a tank filled with 15 kilo- 
grams of liquid xenon. When pinged by a 
WIMP, a xenon nucleus should rebound 
through the liquid to produce a flash of light 
and knock free handful of electrons. In April, 
the XENON 10 team, led by Elena Aprile of 
Columbia University, reported that it had 
searched with five times the sensitivity of 
CDMS—and found nothing. 

To go head to head with such efforts, the 
KIMS team had to start from seratch. A 
decade ago. Korea did not have a particle 
physics facility. "We always had to go abroad 
for research and training.” says Kim, who cut 
his teeth at Japan's KEK accelerator lab 
oratory in Tsukuba in the 1980s, When 
South Korea's science ministry launched 
‘a Creative Research Initiative in 1997, 
Kim, with colleagues Kim Hong Joo of 
Kyungpook National University in 
Daegu, South Korea, and Kim Yeong, 
Duk of Sejong Unive oul, 
pounced. Thrice the trio of Kims submit- 
ted their aptly named KIMS proposal, 
and thrice they failed. Finally, in 2000, 
they opted for a novel cesium iodide 
detector—and got funded. They caught a 
second break when during construction 
of the Yangyang Pumped Storage Power 
Plant, a small section off one tunnel 
caved in, and plant officials were 
amenable to hosting the experiment 
“We were very lucky,” says Kim Sun. 
Kee. The collapse “opened up just 
‘enough space for the experiment.’ 

Since then, the most arduous task has 
been to develop a detector largely free of 
trace radioactive isotopes. The KIMS 
team has also spent 3 years studying the 
scintillation signals of gamma nays and 
stray cosmic rays, which cause chain reac- 
tions in the atmosphere that give rise to a 
background “noise” of hurtling neutrons, 
“The neutron signal is very similarto what we 
expect a WIMP signal to look like.” Kim 
explains, so the experimenters must find 
Ways to screen it out. So far they have reduced 
itby 99.99%, he says, 

KIMS won't immediately rival CDMS 
and XENON 10 for overall sensitivity, But 
KIMS will excel in one important regard: If 
the WIMP-nucleus int ion depends on 
how each particle spins, KIMS will have a 
better chance of seeing the effec ‘That 
makes KIMS complementary with CDMS 
and XENON} Kim says 

KIMS can also test one of the more spe 
tacular recent claims in physics. In 1997 and 
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‘clues to dark matter lost in the glare. 


again in 2000, researchers with the Italian 
DAMA experiment at Gran Sasso reported 
evidence of WIMPS in a 100-kilogram array 
of sodium iodide crystals (Sefence. 3 March 
2000, p, 1570), The team found that the rate 
of flashes went up and down with the sea- 
sons, That would make sense if the 


turns inside a cloud of WIMPs so that the 
solar system faces a steady WIMP wind. As 
Earth circles the sun, it would alternately 
rush into and away from the wind, causing 
the collision rate to rise and fall, 

has reproduced the 


No other experimer 
DAMA signal, howev 
dismiss the sighting. Because 
employs a similar detector array 
c 
many experts say it ean provide an unam- 
biguous test of the DAMA results. DAMA 
‘group leader Rita Bemabet, a physicist at the 
University of Rome Tor Vergata, disagrees 
“No direct comparison will be possible,” she 
argues, because cesium iodide is less sensi- 
tive to low-mass dark-matter particles than 
DAMA’ detectors were. In 2003, Bernabei’s 
‘group fired up an upgraded 250-kilogram 
detector called DAMA/LIBRA. Its initial 
findings are due to be released next year. 

The competition among dark-matter exper 
iments is heating up. The CDMS team has 
already collected enough data to retake the 
sensitivity lead this summer. Meanwhile, 
researchers in North America, Europe, and 
Asia are deploying or planning gagele ofever 
more ambitious detectors, including XMAS 
an 800-kilogram spherical liquid xenon detec- 
tor that won funding this year and willbe built 
in Kamioka, Japan. “For the first time. the 
direct detection experiments are moving into a 
regime where theorists would say that a priori 
you would expect to see something.” says 
Lawrence Krauss, a theorist at Case Western 
Reserve University in Cleveland Ohio. 


with 
ium iodide instead of sodium iodide 


Other ways to skin a cat 
Meanwhile, astronomers are searching for 


‘Too bright? HESS's maps of gamma ays at the center ofthe Milky Way may leave 


signs of dark-matter 
particles in the heav- 
ens, WhentwoWIMPs 
ina galactic halo col- 
Tid y 
an annihilate each 
other to produce high- 
energy gamma ray 
photons or other 
ordinary particles. 
The emerging gener- 
ation of gamma ray 
“telescopes” should 
be well-suited to 
search for such signs. 
Since 2004, the European-funded High 
oscopic System (H 
Namibia, Africa, has used its 
to look for light created when a gamma ray 
smashes into the atmosphere and triggers an 
avalanche of particles. Similarly the Very 
ic Radiation Imaging Telescope 
System (VERITAS) at the base of 
Mount Hopkins in Arizona began taking 
data earlier this year. “The gamma ray obse 
vations are really the only way to measure 
the halo distribution and tie this all tog. 
ther,” says James Buckley, an astronomer 
at Washington University in St. Louis, 
Missouri, who works on VERITAS. 
ly mapped the gamma ray 
glow coming from the heart of our Milky 
Way galaxy, the most obvious place to look 
for dark matter. Unfortunately, those gamma 
rays come overwhelmingly from more mun- 
dane sources, such as hot gas. So researchers 
may have to turn away from the central glare 
and look at so-called dwarf spheroidal galax- 
yy. Those galaxies 
nto fuller view when NASA's 
Large Area Space Telescope 
) blasts into orbit, perhaps as early 


(GLA! 
as this winter. 
Dark-matter annihilations would produ 


other particles, too. The Russian-Italian 
satellite PAMELA is looking for antiprotons 
and other antiparticles born in the process. 
And leeCube, an array of 4200 light sensors 
being lowered into the South Pole ice, could 
spot neutrinos from annibilations in the sun. 
Zipping along with tremendous enet 
measured in billions of electron volts or Ge 
a few would interact with the ice to create 
flashes of light. A stream of 100 GeV neutri- 
nos coming out of the sun would be a sure 
gn of dark matter huxidling there, says Francis 
Halzen, a physicist at the University of 
Wisconsin, Madison. “How else do you get a 
100 GeV neutrino out of the sun?” 

Before researchers find dark-matter par- 
ticles, they may be able to manufacture them. 


The European LHC will smash protons 
together at energies seven times greater than 
any previous collisions, recreating, in bil- 
lions of tiny explosions, conditions that 
haven't existed since the big bang, If super- 
partners exist, the LHC should crank them 
‘out by the thousands, says Alex Tumanov of 
Rice University in Houston, Texas, who 
works on an LHC particle detector. “Most of 
these models predict that we will find or 
clude the dark matter particles within | or 
5." he says, “That's why everyone is so 
ted, We're on the doorstep: 

ven ifthe LHC spews out new particles, 
however, it might not reveal enough about 
them to nail down which of the many ver- 
sions of supersymmetry nature plays by, says 
Michael Schmitt of Northwestern University 
in Evanston, Illinois, That would require 
another collider that could study particles in 
greater detail: the proposed 40-kilometer- 
Jong International Linear Collider. 


Putting it all together 
Ultimately, all three methods—direct detec- 
tors, telescopes, and colliders —may have to 
strike pay dirt before scientists ean say what 
dark matter is, “It’s really going to require that 
‘we detect the particles in our galaxy and pro- 
duce them in the lab, and that we convince 
ourselves that they are the same thing,” says 
Edward Baltz, a theorist at Stanford Univer 
y In the rave to spot dark matter, he says, 
“You don’t win until everybody finishes: 
Of course, the efforts may not come 
together so harmoniously. Direct searches 
‘might spot particles so massive that the LHC 
can’t generate them, Or, in spite of the 
“WIMP miracle,” dark matter might tur out 
to comprise several different types of parti- 
also face a psychological 


do ee something, The 
would be, 
CDMS 


first thing that you would sa 
this real?” ” says Daniel Akerib, 
team member from Case W 
thing we would have to do isto try to make it 
go away” and prove it was a spurious signal, 
he says. That could be tricky, as it would 
require checking every conceivable way an 
ondinary particle might mim 
Still, that’s a problem most r 
including Kim Sun Kee, would love to have. 
Kim hopes that within a year, his team me 
bers will have accumulated enough data in 
their Korean crypt to reveal a convincing 
WIMP signal. The form of a WIMP behind 
that Cheshire grin is another question, “We 
don’t know what a WIMP will look like? 
says Kim. They may soon find out—and 
solve one of the bigger mysteries in physics. 
ADRIAN CHO AND RICHARD STONE 
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MICROBIAL ECOLOGY 


The Dark and Mushy Side of 
A Frozen Continent 


Researchers are uncovering a wetter world under the Antarctic ice than they ever 
imagined. But it’s far from clear which life forms call this extreme environment home 


BIG SKY, MONTANA—Wetlands might seem 
incongruous in Antarctica’s frozen wastes, 
But recent expeditions have uncovered a hid- 
den landscape of lakes, marshes, and appar- 
cent rivers sandwiched between ice and rock. 
These vast wetlands, imprisoned under the 
ice, may even be teeming with life. 
‘There's water everywhere under the 

says John Priscu,a microbiologist at Montana 
State University in Bozeman. At a meeting® 
here last month, Priscu and other experts 
‘compared notes on the latest tantalizing clues 
to what this unparalleled and 
largely unplumbed world 
might be like—and laid plans 
for exploring it 

The first big plunge is 
likely to occur in Lake Vostok, 
the largest of Antarctica’ 
150-and-counting hidden 
es. A Russian-led team is 
preparing to penetrate and 
sample Vostok in 2009, The 
operation may help settle a 
point of sharp scientific dis- 
pute: whether the Connecti- 
cut-sized lake, overlain by 
more than 3.5 kilometers of 
ice, harbors microbial life 
“We never thought life could 
exist down there.” Priscu 
says. Now he's a believer. Other researchers 
are skeptics 

But experts concur that there’s far more to 
Aniaretica than meets the eye. “We're seeing 
a wide range of subglacial environments, 
from Lake Vostok to shallow. swampy envi- 
ronments." says Peter Doran, an earth scien- 
tist at the University of Illinois at Chicago, 
For now, the startling wetlands are terra 
incognita. Robin Bell. a geophysicist at 
‘Columbia University says, “we've got a lon 
Way to go” before comprehending whai 
‘going on under the i 


Peeking under the cover 
The revelations about Antarctica’s soggy, 
pitch-black underbelly have come mainly 
from drilling campaigns and radar mapping 


* subglacial Antarctic Lake Environments, 6-8 June. 
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over the past decade. Drills that have bot- 
tomed out below the ice sheet have often hit 
water or warm, soft ic 
The ice blanketing the continent traps heat 
radiating up from Earth’ eore. That warmth, 
ombined with intense pressure from the i 
ing down, allows water pockets under the 
liquid form at normally 
zing temperatures. All told, Antarctic 
subglacial lakes contain around 10,000 cubic 
ers of water—about 10% of the fresh. 
I the lakes elsewhere on Earth. 


water in 


Water, water everywhere. An artist's rendition of aquatic Antarctica, 


Antaretica’s frigid water world is mor 
dynamic than expected. Two recent studies 
found that some smaller subglacial lakes can 
roam around—they burst their banks and fill 
lower-elevation depressions. These finding: 
hint at the existence of transient rivers. some 
as large. perhaps, as England's Thames—and 
raise the stakes on attempts to tap into the 
lakes. “We have to take a watershed 
approach;” Doran says. If pollutants infiltrate 
watershed, he says, “we may be contaminat- 
ing things all the way downstream.” 
al lake has yet been 
pricked. researchers have drilled to within 
about 90 meters of Vostok’s surface. Ice from 
this nether region is illuminating 
drilled down into from about 240 meters 
above the lake, the core chat lacial 
ice, composed of compacted snow, to accre- 
tion ice, formed when Vostok water freezes to 
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1. Researchers have reported that 
jon ice contains microbes that could be 
revived in the lab, Many scientists infer that 
these microbes were Vostok denizens, and 
other studies have shown that the microbes 
areclose relatives of those found from 
Jand to the Himalayas. 

There are other signs of vitality as well, 
The sole sediment core under the ive sheet 
tested so far for microbes is brimming with 
life. In 2004, Brian Lanoil of the University 
of California, Riverside, and colleagues 
found that sodden soil under the Kamb Ice 
Stream in West Antarctica contained 10 mil- 
lion cells per gram—comparable to that of 
Jake sediments found in temperate regions, 
and similar to sediments found under glaciers 
in New Zealand and Norway. 

Glacial ice from the Vostok core is stud- 
ded with modest numbers of microbes, 
around 100 cells per milliliter, according 10 
studies led by Priscu and Brent Christner, a 
microbiologist at Louisiana 
State University in Baton 
Rouge. At the glacialaceretion 
ice transition, they reported 
last year in Limnology and 
Oceanography, the number 
rises to around 400 cells per 
milliliter. Accretion ice is also 
rich in organic carbon, Christ- 
ner says. “This suuwests that 
the lake is a source of both 
cells and organic carbon, 

Other researchers think 
that the ice—and perhaps 
Vostok’s waters-—is largely 
sterile, Sergey Bulat, a 
molecular biologist at the 
Petersburg Nuclear Physics 
Institute (PNPL) in Russi 
and his colleagues have also been probing 
the Vostok core for microbes and DNA. At 
the meeting, Bulat reported that his team 
often finds no cells in samples from both 
glacial and aceretion ice, and never more 
than 20 cells per milliliter. (Bulat does put 
stock in one sign of life: His group has found 
that accretion ice contains DNA of bacteria 
similar to thermophilic species in vents on 
the ocean floor. Such microbes, he says, 
could be clinging to rocks around Vostok 
Lake and in lake sediments.) 

The discrepancy between the Russian and 
US. cell counts could be due to different sam- 
pling techniques. says microbial ecologist 
Warwick Vincent of Laval University in Quebec, 
Canada, Whereas Bulat’s team uses flow 
Priscu and Christner count cells 
under light microscope or scanning electron 
microscope. Or, says Vincent, “it could be that 
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there's a lot of heterogeneity in the ice core: 
‘Others argue that Priscu and colleagues have 
been ledaastray by anartfct.To keep the Vostok 
borehole from freezing shut, it’s filled with 
drilling fluid, The hydrocarbons area feast for 
bacteria, Says Christner: “We can think of the 
borehole as 65-ton enrichment culture.” 

Irina Alekhina and her colleagues at the 
PNPI found that some microbes in the 
drilling fluid match species that Chrisiner 
and others have found inside cores from 
Vostok and from the Taylor Gla! 
Antaretica—microbes that they argued were 
native to the ice. The primary bacteria in the 
drilling fluid were Sphingomonas species, 
known contaminants of jet firel—like the 
drilling fluid, mostly kerosene, “There is no 
indication for indigenous microbes,” 
Alekhina concludes, 

Priscu rebuts this by pointing to a study in 


erin 


PROFILE; ESKE WILLERSLEV 


-Ancient DNAs 


Intrepid Explorer 


After fending off bears, surviving frostbite, 
and trapping furs in Siberia, Eske Willerslev 
turned to genetics and is now pushing the 


boundaries of ancient DNA research 


COPENHAGEN, DENMARK—In the basement of 
the Niels Bohr Institute in Copenhagen, 
Jorgen Peder Steffensen pulls a puffy pale 
blue parka over his t-shirt and shorts and steps 
inside a storage locker cooled to a constant 
26°C. After digging through one of the hun- 
dreds of cardboard boxes stacked inside, the 
bearded climatologist lifts out a dirty, plastic- 
\wrapped cylinder of ice about 35 cm long. 
‘The frozen chunk was cut from the bottom: 
ive core drilled through Greentand’s ice 
in 1981 as part of a project to look at past 
climate. But this core bottom was considered 
too disturbed by the glacier above and too con- 
taminated with silt and dirt from below to 
1d much information, says Stefi 
ve taken care of this dirty, insign 
piece of ice for 26 years.” he yells as reffiger- 


Antarctica’s MeMurdo Dry Valleys in which 


his group found hydrocarbon-eating 


he organisms are there in 
nature.” Priscu says. “Just because we seit in 
the drilling fuid doesn’t mean it'snot 

That debate notwithstandin; 
tery how microbes can survis 


microbes. * 


leep in the 
Vostok core, which near the bottom could 
be I million to 2 million years old. If the 
cells had remained frozen all that time, 
“their genomes would accumulate enough 
e that they would effectively be 
4,” Christner says. One microbial 
refuge might be the water channels 
between the ice erystals. says Buford 
Price, a physicist at the University of Cali- 
fornia, Berkeley, Christner and biophysi- 
st James Raymond of the University of 
Nevada, Las Vegas, are testing whether the 
microbes are specially adapted to the cold 


ation units thunder overhead. “It was only 
during discussions with Eske that we homed 
in on a.use for it” 

Eske Willerslev, the director of the Centre 
for Ancient Genetics at the University of 
‘Copenhagen, has spent the past 8 years teas- 
ing information about the distant past from 
discarded ice and even less likely places. 
Since first extracting DNA from glacial ice in 
1999, the 36-year-old biologist has pioneered 
\what he calls “dirt DNA” —the extraction and 
cloning of plant and animal DNA from just a 
rams of soil and ice. In 2003, he rede- 
fined ancient DNA research when he 
extracted the 300,000- to 400,000-year-old 
DNA of mammoths, bison, mosses, and much 
more from small samples of soil he collected 
from the Siberian permafrost (Science, 


life, Raymond found that one Chrvveohac- 
erium species from the Vostok core pro- 
duces a protein that, in the lab, blocks i 
crystal growth. This suggests the bacteria, 
are reshaping the ice around them to mini- 
mize damage, says Christner. The protein 
might work as antifreeze or as a seed for 
erystal formation to form an ice cocoon 
around the bacteria, 

“This debate will not be resolved until 
Lake Vostok is sampled directly,” says 
Vincent, When Russia breaks through, it will 
be like exploring a different planet. The 
drilling that has preceded this adventure has 
been “like putting pinholes in the continent,” 
Priscu says. “We don’t know what's on the 
bottom of that ice sheet.” Well, we do know 
‘one thing: It's wet. MASON INMAN 


‘Mason {aman isa freelance journalist in Cambridge, 
Massachusetts 


18 April 2003, p. 407). twas the oldest DNA 
ever discovered by more than 200,000 years, 

Not long after that, Willerslev began to 
wonder about the ignored ice gore bottoms in 
the building his lab shared with Steffensen's 
climate research group, “I did the permafrost 
stuff, and then suddenly it hit me: Silty ive is 
icy permafrost, right?" Judiciously cutting 
and melting the core bottoms, Willersley and 
his colleagues analyzed the resulting water for 
signs of DNA, What Willerslev found, and 
reports on page 111, broke his own record for 
the oldest DNA ever recovered, and promises 
to rewrite the history of Greenland’s climate, 
His team identified and dated genetic 
sequences from coniferous trees, butterflies, 
beetles, and a variety of other boreal forest 
plants —traces of ancient forests that Willerstey 
says covered southern Greenland perhaps as 
far back as 800,000 years ago, 

The results have impressed his colleagues 
in the close-knit, highly competitive ancient 
DNA research community, “To go from dirty 
\water to a forest full of insects is pretty amaz~ 
ing.” says Maithew Collins of the University 
of York in the UK. “Its spectacular how farhe 
appears to have gone back this time.” 


From fur-trapping to genetics 

Willerslev and his identical twin Rane grew 
up reading about Danish legends such as Arc- 
tic explorer Knud Rasmussen and devouring 
Buddy Longway. a popular Belgian comic 
book that chronicled the adventures of a fur 
clad American mountain man, “I always 
1 was born 200 years too late,” Eske 
says. “Exploring America in the beginning 
would have fit me perfectly 
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In 1991, the 19-year-old twins decided to 
spend their summer break in the Yakutia region 
Of Siberia, “It was as close as you could 
unknown land.” says Rane, now an anthropol- 
‘gist at the University of Aarhus in Denmark. 
There were times when we starved and had to 
eat seagulls, It was very exciting atthe time” 

The brothers returned three summers in a 
row, collecting ethnographic data and filming 
a movie on a Siberian tribe. In 1993, a short- 
handed local asked Eske to spend the winter 
fur trapping. He readily agreed. Living like 
Buddy Longway “was a chance to fulfill my 
childhood dream.” says Willerstev 

Willerslex, who spoke almost no Russ- 
ian, ended up in an isolated cabin with the 
hard-bitten native trapper and another Russ- 
ian, “We had ammunition, traps, tea, and 
some bread, That's it” he recalls. The team 
hunted moose for food, sometimes lugging 
home 50 kilos of meat through waist-deep 
snow. They were attacked by bears, and 
wolves picked off their hunting dogs, Willerstev 
‘once got lost alone. Only by building a fire 
and keeping it going all night did he manage 
to survive, escaping with frostbite on his 
face and testicles, 

By Christmas, the romance of lifeasa trap- 
per hae completely worn off for Willerslev, But 
‘coming back to school in Denmark wasn't 
easy. “I was mentally changed” he says. “L 
tried to study for my genetics exams, but 
everything seemed very unimportant com- 
pared to daily survival.” 


Finding an ancient forest 

Yet Willerslev eventually began to see oppor- 
tunities that would satisfy his adventurous 
spirit." find huge satisfaction in doing explo- 
ration on a mental level instead” he says, “The 
2ist-century explorer isa scientist. 

Interests in evolution, paleontology, and 
Population migration soon led Willerstev to the 
fledgling ancient DNA field. Since no one in 
‘Copenhagen was working on ancient DNA, he 
improvised a self-guided course in polymerase 
chain reaction (PCR) techniques. He also 
began e-mailing with Svante Pio of the Max. 
Planck Institute for Evolutionary Anthropol- 
‘ogy in Leipzig, Germany, a leader in the ancient 
DNA field. In 2004, he traveled to Oxford to 

¥f work with another pioneer Alan Cooper 

The possibilities of sequencing ancient 

DNA had led to an initial boom in the early 
1990s, But wildly optimistic claims and 
Jurassic Park-type: fishing expeditions nearly 
discredited the field. At issue was the tremen- 
dous vulnerability of ancient DNA techniques 
to contamination. PCR, the development that 
made ancient DNA analysis possible with its 
ability to copy DNA fragments in a sample 
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Digging deep. Eske Willerstev drills for permatrost 
‘samples in Siberia, 


many millions of times, is an indiscriminate 
multiplier. Any speck of DNA—froma single 
skin cell, say, ora.single pollen grain floating in 
«a window—would throw off an entire ancient 
sample with strands of modern DNA. “It's a 
field for which the First decade was a very fal 
tering decade.” says York's Collins. “The new 
‘generation is trained to think about nothing else 
butancient DNA and contamination. 

As part of that generation, Willerstev has 
combined innovative techniques with excep- 
tionally stringent measures to control contarm- 
ination. Whereas the PCR primers that atch o 
to DNA strands are usually aimed at just one 
type of organism, for his 2003 permafrost 
Work, Willersley used primers to grab chloro 
plast DNA and mitochondrial DNA from a 
\wide variety of plantsand animals. This meant 
he had to be particularly careful about keepin 
modern DNA out of reagents and permaffost 
samples. Tests were run in independent labs to 
show the results could be reproduced. Using 
‘chemicals harsh enough to break open tough 

icrobial spores without destroying already 
fragmented animal DNA was another chal- 
lenge—one the team solved by beating the 
sediments with tiny beads. “We were not 
only applying existing techniques to new 
problems.” he says. “We had to combine 
different parts of different methods into a 
new protocol.” 

Willerstev has a reputation for being 
unusually intense. During a trip to Beijing. 
had to convince him to take half'a day off to 
see the Forbidden City instead of working ina 
dark hotel room on papers the whole time.” 
says Michael Hoffeiter. an ancient DNA spe: 
cialist at the Max Planck Institute in Leipzig. 
Germany. The intensity has paid off. Since 
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retuming to the University of Copenhagen in 


2005—he was the youngest full professor at 
the unive ‘he’s built a 22-person lab 
from scratch, 


Willerslev's ancient DNA successes have 
implications for a wide range of fields, from 
climate change to ecology. For example, gla- 
cial ice older than about 60,000 years gets too 
compressed by the glacier’s weight and move- 
‘ment to provide good climate data. “It doesn't 
bring doubt that we have older ice, we just 
can’t directly count it,” says University of 
Copenhagen glacier expert Dorthe Dahl 
Jensen, a collaborator on Willerslev’s latest 
research. Instead, climatologists have relied 
‘on models to argue that southern Greenland, 
was free of ice—and open to plant growth 
during the Eemian, or last interglacial period, 
some 130,000 to 116,000 years ago. The new 
results contradict that seenario: An ice-free 
Eemian in Greenland would have replaced the 
450,000- to 800,000-year-old forest DNA, 
Willerslev found in the bottom ice cores with 
younger plant and animal DNA. The survival 
‘of 450,000-year-old DNA suggests that the 
ice has been around much longer than previ- 
ously thought, If southern Greenland 
remained ice-covered during the last inter- 
lacial period it could mean global warming 
Would have to get much worse before it com- 
pletely melts away the Gree 

And although scientists 
ural degradation prevented DNA older than 
100,000 years from being readable, Willer- 
slev’s ice core work opens new doors. 
means we simply don’t know how far we ean 
go back.” says Hofieiter, a co-author of the 
new Science paper. 

Willerstev is already eyeing Antarctica, 
where ice temperatures that zo down to ~S0°C 
may have kept DNA preserved for even longer 
than Greenland’s relatively balmy -20°C 
“Ancient DNA hasn't peaked—in the next five 
Years, you're going to see it going even further.” 
he says. Ina fortheoming paper in Astrnbiol- 
‘ogy. he even asks whether ancient DNA tech- 
niques could detect traces of life on other plan- 
is. It's typical, colleagues say. of Willerslev's 
knack for asking unexpected questions. “While 
Tm doing humble domestication research, he's 
asking about whether there’ life on Mars,” says, 
researcher Joachim Burger of the Johannes 
‘Gutenberg University in Mainz, Germany. 

Willerslev’s passion for the lab hasn't 
entirely replaced his love for the great out- 
doors. He is due to be married on 4 August 
‘on an island with no bridges or roads in 
southern Sweden. “Even the priest has to 


take a canoe,” Willerslev says happily. “It’s 
going to be fantastic.” -ANDREW CURRY 
‘Andrew Currys freelance journalist in Bertin, 
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GEOMETRY ANDTHE IMAGINATION 


[| 7-11 JUNE | 


In Hyperbolic Space, Size Matters 


Mathematicians since the 19th century have 
explored the strange realm of hyperbolic 
geometry. in which parallel Lines behave in 
ways that Euclid never imagined, And cos- 
mologists have pondered its implications 


ce Einstein intro- 
theory of 


for the universe ever si 


duced curved space in his gener: 
relativity. Modern researchers 
have long known that among the 
peculiarities of hyperbolic geom- 
there is a hyperbolic thr 
dimensional space, or 3-manifold, 
of least volume. They've even 
long had a candidate for the 
smallest hyperbolic space, a tiny 
snarl known ats the Weeks mani- 
fold. What they didn’t have was 
proof the theory couldn't cough 
ler yet. Now 


up something sm 
they have that to, 

David Gabai of Princeton Uni- 
versity, Robert Meyerhof? of 
Boston College. and Peter Milley 
of the University of Melbourne in 
Australia have shown that the 
Weeks manifold is indeed the 
smallest possible hyperbolic 
space. Their proof, presented here 
at a conference honoring the 
mathematician William Thurston, 
is part of a larger effort to understand the 
structure of small-volume hyperbolic 
3-manifolds. Topologists would eventually 
like to have a list of these spaces. At least 
they are now sure of where to start 

The concept of least volume is meaning- 
less in ordinary Euclidean geometry 
because any shape can be sealed to any size. 
But the curvature of hyperbolic g 
brings with it intrinsic units of length, area, 
and volume. For example, you can find the 
area of a hyperbolic triangle by adding up 
its angles and subtracting the sum from % 
(also known as 180°). In the 1970s, 
Thurston, now at Cornell University, proved 
a surprising property of hyperbolic mani: 
folds: Given any infinite collection of such 
manifolds. one member of the collection 
Will be of smallest volume. (By contrast, for 
example, there is no smallest positive real 
number.) In particular. the entire collection 
of all hyperbolic manifolds must have a 
smallest representative. 

Meyerhoff, then a graduate student of 
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Thurston's at Princeton, found one example 
‘ofa small manifold, with a volume of about 
0.98 136882. A few years later, Jeffrey 
Weeks, also a student of Thurston's, com- 
puted a smaller one, with a volume of 
approximately 0.94270736. “I was sup- 
posed to be working on som 


colleague 
urston. 

in 1987) metto 
te is 60th birthday, 


Weeks recalls, Weeks, who is now an inde- 
pendent geometer in Canton, New York, 
went on to write a program for doing com- 
putations of hyperbolic manifolds. (The 
program, SnapPea, is available on Weeks's 
Web site at www.geometrygames.org.) 
‘The Weeks manifold is based on the space 
around a pair of intertwined loops known as 
the Whitehead link. Links and knots, which 
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physically modeled by taking at 
ng of Christmas lights (or just an 
extension cord) and plugging its two ends 
together, are a fruitful source of hyperbolic 
manifolds. They provided some of the first 
evidence for Thurston's far-reaching 


Geometrization Conjecture (see sidebar, 
below); Thurston himself proved the conjec- 


ture for manifolds arising this way. 

Weeks suspected that his manifold is the 
smallest, but he had no proof, “Itwas pure ran- 
dom chance and dumb luck." he 
says. The initial efforts to prove its 
minimality, however, went unre- 
warded. For a long time, the best 
that was known was that the small 
ést volume had to be at least 0,001 
Only inthe past 10 years did Gaba 
and others begin to improve 
the bound, first 10 0.166, then to 
03. 0.67. 
The final nail was pounded in a 
paper posted to the arXiv preprint 
server on 30 May (arxiv.ory/abs’ 
0705.4325). 

“It's pretty amazing,” says 
Colin Adams of Williams Col- 
ge in Williamstown, Massa- 
usetts. “The proof uses a huge 


variety of different methods.” 
many of them brand-new, Adams 
notes. Gabai in particular “just 
doesn’t quit until he 4 
With the smallest hyperbolic 
manifold now known, what about the next 
smallest? Experts believe it’ likely to be the 
‘one Meyerhoff found more than 25 years 
ago. But Meyerhoff says additional new 
ideas are needed to pin down the next mani- 
fold. Just getting the smallest volume put 
them right at the edge of what they could 
on by 


prove, he says: 
our fingertips. 


PRICEY PROOF KEEPS GAINING SUPPORT 


No report on advances in topology is complete these days without an update on Russian mathe 
‘matician Grigory Perelman's proof of Thurston's Geomettization Conjecture and its million-dollar 
corollary, the Poincaré conjecture (Science, 22 December 2006, p. 1848). After poring over 
Perelman’s papers for 4 years, topologists are confident ofthe result, says John Morgan of Colum: 
bia University, who gave an overview of the proof at the Thurston conference. Much of the confi 
dence derives from alternative proofs researchers have devised in the wake of Perelman’s work. 
‘Morgan and Gang Tian of Princeton University, for example, have written a book-length exposi 
tion that “goes as far as the Poincaré conjecture” and are currently “95% of the way through the 


details of the Geometrization Conjecture.” 


“{ never doubted it would be proved,” Thurston said in remarks at a banquet in his honor. “It's 
really wonderful to see the community ownership of this mathematics.” 
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Bizarre Pool Shots 
Spiral to Infinity 


If'a mathematician invites you to play bil- 
Jiards, watch out. You're likely to wind up try- 
ing to make shots on a table of some weird, 
polygonal shape—or even on the outside of 
sucha table, 

The notion of “outer billiard: 
posed in the 1950s by Bernhard Ne 
and popularized (among mathematicians 
and mathematically minded physicists) in 
the 1970s by Jiirgen Moser as a stripped- 
down “toy” model of planetary motion 
The setup is simple: An object starting at a 


point Xp outside some convex figure such 
asa polygon zips along a straight line just 
touching the figure to a new point x, at the 
same distance from the point of contact 


(see figure). It then repeats this over and 
over, thereby orbiting the figure in, say. a 
clockwise fashion, Neumann asked 
whether such a trajectory could be 
unbounded: that is, whether the object 
uld wind up landing progressively far- 
ther and farther from the central 


igure 
This is analogous to the question of 
whether planetary orbits in the solar sys- 
tem are stable. All proven results, however, 
‘went the other way, For regular polygons, 
all trajectories are bounded, and for poly- 
yons whose vertices have rational coordi- 
nates, trajectories are not only bounded 
but also periodic: After a finite number of 
steps, each trajectory winds up back 
where it started 

Richard Schwartz of Brown University 
has given a positive answer to Newman's 
question: There is indeed a convex figure 
with an unbounded trajectory—an infinite 
number of them, in fact. The example turns 
out to involve a famous shape, the Penrose 
kite, which Roger Penrose introduced in the 
1970s as one of two pieces (the other is 
known as the Penrose dart) that produce 
nonperiodie tilings of the plane with local 
j fivefold symmetry 
§ Schwartz discovered the unbounded tra- 
3 jectory around the Penrose kite by writing a 
3 graphics program for systematically 
@ exploring trajectories around kites. which 
3 he picked as the simplest figures for which 
5 
: 
Ly 


unbounded trajectories could possibly 


exist. “I think of myself asa good experi 


tried lots of things that 


menter. 
didn't work out 

Akkey to the discovery was that he com- 
puted not only individual trajectories but 
also entire regions consisting of equivalent 


he says. 
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That's Not Some Knot Sum! 
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Knot theory is full of simple-sounding questions that have resisted mathematicians’ efforts toanswer 
them for decades. One of the simplest has todo withthe minimal number of times a knot has to cross 
itself when you draw it in two dimensions. n particular, if two knots are strung together to form one 
larger, more complicated knot (see figure), can the new knot be redrawn with fewer crossings than 


the original two knots combined? 


“This problem has been out there forever,” says knot theorist Colin Adams of Williams College in 
Williamstown, Massachusetts. “I's the most obvious question to ask.” 

‘Mathematicians think the answer is no, but the problem has remained stubbomly unsolved, Now, 
however, Marc Lackenby of Oxford University has taken a 
small step in the right direction. He has shown that 


the numberof crossings cannot decrease by more 
than a constant factor—281, to be exact. 

Knot theorists denote the minimal crossing 
number of a knot K by the expression «(KD The 
trefoil knot, for example, can be drawn with just 


three crossings, whereas the figure-eight knot requires four. 


C 


‘When knots K, and K, are strung together to form a knot sum, denoted Kk, the crossing number, 
c{ky#K,), fs obviously no larger than c(K,) + c(K). The conjecture is that c{ky#K,) equals c(K,) + 
cK, That is indeed true forthe trefoil knot, the figure-eight knot, and al other cases knot theorists 
have been able to deck. But the verification gets unwieldy as the number of crossings increases. It's 
altogether possible, Lackenby notes, that two knots, each requiring 100 crossings, could be put 


together and then redrawn with just 199 crossings. 


Lackenby’s recent result, which he began working on about a year ago, is that (kK, #K,) has to be 
atleast as lage as ((K,) + c(K,)/281. The basic idea sto think of each knot as enclosed in a spher 
ical bubble and then carefully analyze what must happen to the bubbles ifthe knot sum is twisted 
into a new shape with fewer crossings, The analysis produces the factor 281 

To prove the full conjecture, mathematicians need to whittle the number all the way down 
{0 1. Some other approach will be needed for that effort, Lackenby says. “The number [281] is 
painful to work out,” he notes. “One probably can reduce it further, maybe to around 100, but I'm 


not sure it’s worth the effort.” 


which trajectories bounce periodically 
from one region to the other (see figure, 
below). Around these regions lies a cloud 
of smaller regions (color-coded red in fig- 
ure) with similar trajectory behavior, and 


‘Outer limits. Billiard balls aimed around a Penrose 


kite (blue) will travel outward forever, 
right starting point. 


you pick the 
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around these regions is a larger cloud of 


smaller regions, and so on. The larger 
and larger clouds of smaller and smaller 
regions, Schwarz found, converged to a 
set of points from which the trajectories 
nbounded. 
Schwartz's initial proof was heavily 
computational. He has made much of it 
-eptual, but parts are still computer- 
d. (Schwartz's program, Billiard 
is available at his Web site 
th. brown.edu/~res.) At the same 
time, he has found a general class of kites 
for which, with the help of the computer, he 
n show unbounded trajectories exist. 
The work is very beautiful,” says Sergei 
Tabachnikoy, a (mathematical) billiards 
expert at Pennsylvania State University in 


are 


assis 
King 
www 


henomena revealed by 


the experiments.” Schwartz, however, 
admits that the problem is still a puzzle- 
ment: “I don't completely understand 
what's going on.” 
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Katherine Socha, Ph.0. S.James Gates Jr, Ph.0. 
| got interested in math rather When | was six my father 
late. But | liked diagramming gave me some books on 
sentences in high school. in rockets and stars, and my 
college, | found a similar sort universe exploded. 

of architectural approach to 


mathematics and science 


vite 


Why did you become a scientist? 


We would love to know. E-mail us with the answers to the following 
questions and you could appear in an advertisement in Science: 
What first made you want to be a scientist? How did you get into 
science? And what are the most important aspects of your work 
and how will it impact the future? 


Find out more at 


jaas.org/st 


Leonard Susskind, Ph.D, 
‘My father had no idea what a 
physicist was until! told him 
| wanted to be like Einstein, 
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A World Without Mangroves? 


AT A MEETING OF WORLD MANGROVE EXPERTS HELD LAST YEAR IN 
Australia, it was unanimously agreed that we 
world deprived of the services oflered by m 
haps within the next 100 years. 

M. pre than 200,000 kin? of she 
tered tropical and subtropical coastlines (1). They are disappear 
worldwide by 1 to 2% per year, a rate 
in adja 


ice the prospect of & 


we ecasyste 


JS. per 


rove forests once covered 


ater than or equal to declines 


went coral reefs or tropical rainforests (2-5). Losses are occur 


Emerging from the embrace of a mangrove tree-lined channel in northern Brazil, these 
pescadores, like coastal fishers worldwide, know that healthy mangroves mean good fishing 


and a secure livelihood. 


ring in almost every country that has mangroves, and rates continue to 
rise more rapidly in devetopin -90M% of the world’s 
mangroves are located. The veracity and detail of the UN Food and 
Agriculture Onganiza 

based may be au 
century ran; 


countries, where 


jon data (2) on which these observations are 


jguable, but mangrove losses during the last quarter 

c consistently between 35 and 86%, AS mangrove 

are becoming smaller or fragmented, their long-term survival is at 
reat risk, and essential ecosystem services may be lost. 

Where mangrove forests are cleared for aquaculture, urbanization, 
or coastal landfill of deteriorate due to indirect effects of pollution and 
upstream land use (3, 4), their species richness is expected to decline 
precipitously, because the number of mangrove plant species is directly 


correlated with forest size (6, 7). Examples from other ecosystems 


have shown that species extinctions can be followed by loss in func 
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tional diversity, particularly in species-poor systems like mi 
which have low redundancy per se (8). Therefore, any further decline 
in mangrove area is likely to be followed by accelerated functional 
losses. Man; hing 
extinction in. 


roves are alr 


ily critically endangered or appro 
120 countries having mangroves (2, 9) 


Deforesta 


wsrove forests, which have extraordinarly high 
rates of primary productivity ( 

atmospheric CO, sink (0) and an esset 
bon. The support that man 
well asm 


reduces thei 


dual capacity to be both 
jal source of oceanic car 


we ecosystems provide for terrestrial as 
ood webs would be lost, adversely affecting, for exam 
ple, fisheries (1). The decline further imperils mangrove-dependent 

fauna with their complex habitat linkages, as well as phys- 


ical benefits like the buffering of seagrass beds and coral 
inst the imps 


-borne siltation, or protec- 


in of coastal communities from sea-level rise, storm 
surges, and tsunamis (2, 13). Human communities living 


in or near mangroves would lase access to sources of essen= 
tial food, fibers, timber, chemicals, and medicines (14). 
We are greatly concerned that the full implications of 
mangrove loss for humankind are not fully appreciated, 
Growii 


pressures of urban and industri 


developments 
and 


coastlines, combined with climate chang 


level rise, urge the need to conserve, protect, and restore 
tid: 
socioeconomic risk policies, and education strategies (15) 
are needed now to enable societies around the world to 


wetlands (11, 13), Effective governance structures, 


reverse the trend of mangrove loss and ensure that future 
generations enjoy the ecosystem services provided by such 
Valuable natural ecosystems. 
N.C. DUKE,** J. MEYNECKE, 5. DITTMANN,? A M. ELLISON, 
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Supporting Undergraduate 
Research 


THE FINDINGS OF THE EDUCATION FORUM 
“Benefits of undergraduate research experi: 
ences” by S. H. Russell and colleagues (27 
April, p, 548) confirm the widely held belief 
that undergraduate research increases interest 
in scientific and related research careers. 
Indeed, as student researchersand editors with 
an international undergraduate journal, 
the Journal of Young Investigators (Yt; 
www.jyiorg), we have experienced first-hand 
several of the points that th 

We at JYI, however, believe that under- 
graduate research programs should place 
‘more emphasis on the art of scientific com- 
munication. The benefits include the opportu- 
nity to communicate undergraduate research 
work to a broader audience. Such an experi- 
ence also develops skills necessary for the 
fluid but logical nature of scientific writing, 
These skills are otherwise missed when 
engrossed in wet lab work or not developed 
fully when merely writing final lab reports. A 
culture of responsibility and integrity is also 
developed as student authors face 1 
demands of scientific review and edi 


integrity, plagiarism, ete), 
Most importantly, the undergraduate pub- 
lication experience gives students an early 
introduction tothe world of peer review. a cor- 
nerstone of science. For JYI. a student-led 
journal, this benefit is doubly advantageous. 
Not only do student authors benefit from peer 
review, our JYI student reviewers are also 
trained in the art of reviewing. a skill not given 
‘much emphasis in undergraduate research, 
JY has been atthe forefront of such under- 
graduate peer review and publication for 10 
years since its inception in 1997, From over 
500 submissions, we have published 120 
undergraduate research articles. Our high- 
lights forthe past year include 10 special issues 
devoted to publishing research articles of vari- 
‘ous universities” Research Experie 
Undergraduates program, and part 
the recent 2007 AAAS Meeting. du 
wwe hosted a workshop for science writing 
Our aim is to see science writing and 
communication play a central role in the 
under ch experience, 
FARHAN ALI,! NAFISA M. JADAVIL,? WILLIE CHUIN 
HONG ONG,” KAUSHAL RA) PANDEY,* ALEXANDER. 
NIKOLICH PATANANAN, HARSHA KIRAN 
PRABHAUA. CHRISTINE HONG-TING YANG? 
Department of Psychology, National Univesity of 
Singapore, Singapore. ‘Department of Neuroscience, 
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ACTIX 3M4, Canada. ‘Optical Materials and Systems 
Divsion, 051 Bulding, Osta Storage Instiute, 5 
Enginevng Orv 1, Singapare, 117608. ‘Department of 
Mes, Titian Unversity, Kathmandu, 8 No 1526, 
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Isoprene, Cloud Droplets, 
and Phytoplankton 


THERE IS AN ERROR THAT MAY INVALIDATE 
the main conclusion of the Research Anticle 
“Phytoplankton and cloudiness in the South- 
em Ocean” by N. Meskhidze and A. Nenes 
(1 Dee. 2006, p. 1419). The authors report a 
increase in cloud reflectivity resulting from a 
30% decrease in cloud droplet effective radius 
and a doubling of cloud droplet number cor 
centration over a large phytoplankton bloom 
in the Southern Ocean, resulting in an extra 15 
W nr of energy reflected back to space. They 
attribute these changes to enhanced isoprene 
produced in the bloom. Our measurements 
made during the Southern Ocean Iron Ex- 
periments (SOFeX) (1) were used by Mesk- 
hidze and Nenes to scale seawater isoprene 
values based on measured chlorophyll-a con- 
centrations, Unfortunately, they converted our 


Letters to the Editor 


isoprene concentrations incorrectly, result- 
ing in a three-order-of-magnitude overesti- 
mation and hence a much greater calculated 
isoprene flux. 

During SOFeX, we measured climate 
relevant organic gases in the dynamic head- 
space of an equilibrator (2) in contact with 
seawater (J). We reported isoprene concen- 
trations to be on average 560 pptv (parts pe 
trillion by volume or picomoles mole"! of 
air) inside of the SOFeX North Patch (NP), 
which is the mixing ratio that the air above 
the water would have if the headspace were 
static. To convert from mixing ratio of static 


headspace to seawater concentration, We use 
Henry's Law 


(Eq.1) 


where G is the mixing ratio of a was in equi- 
librium With the dissolved gas in the aqueous 
phase. C,. An average Henry’s law constant 
(K,) for isoprene of 0.0130 M atm! was used 
(3). Therefore, the average seawater isoprene 
concentration in the NP was ~7.3 picomoles 
Le (pM). Listed in the authors’ Table 2 isan 
average isoprene concentration of 314 
rnanomotes L (nM) in the NP. This leads me 
to believe that isoprene is not the reason for 
their observed extra cloud albedo. 

‘OLIVER W, WINGENTER 


‘New Mexico Institute of Mining and Technology, Socorro, 
‘NM 87801, USA. 
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‘hen ht. 


Response 
WE THANK WINGENTER FOR HIS LETTER. 
Indeed, we misinterpreted some of the data 
in Wingenter et af. (1). We were unaware 
that “concentration of dissolved gases 
measured in and around the fertilized 
patch” in (1) referred not to seawater con- 
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centrations but mixing ratios in the head- 
space of an equilibrator. When corrected, 
the values of C4in Table 2 should be 
reduced by about three orders of magni- 
tude (see correction on page 43). This does 
not, however, alter our conclusions or iso- 
prene secondary organic aerosol (SOA) 
hypothesis. The fact remains that reported 
isoprene air-sea Muxes and concentrations 
in the marine boundary layer (MBL) vary 
by orders of magnitude, with the average 
concentrations between 4 and 250 ppt and 
fluxes of 107 to 6 x 10° molecules em? st 
(2-6), For the high end of measured iso- 
prene levels in the Southern Ocean [which 
are attributed to enhanced phytoplankton 
productivity (5)}, our simulations suggest 


from highly variable environmental condi- 
tions [i.e.. photosynthetically active radia- 
tion (PAR), sea-surface temperature, wind 
speed. ocean mixed-layer depth, 
and phytoplankton speciation encountered 
during the experiments. Given the above 
and the uncertainty in isoprene-to-SOA 
ield, to state that “isoprene is not the rea- 
son for their observed extra cloud albedo” 
implies a level of understanding that cur- 
rently does not exist. 

We have shown a direct and strong link 
between phytoplankton and clouds. Given 
the identified potential of ocean-emitted 
isoprene (and other volatile organic com- 
pounds) on atmospheric oxidizing capacity 
and new-particle formation (4-7), the pos- 
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‘of Technology, Atlanta, GA 30332, USA. 


“Current address: Department of Marine, Earth, and 
‘Atmospheric Sciences, North Carolina State University, 
Raleigh, NC 27695, USA. 
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CORRECTIONS AND CLARIFICATIONS ‘Table 2. Ocean chlorophyll a, fluxes, and atmospheric concentrations of isoprene 
Perspectives: “Reassessing carbon sinks” by OF. Baker onto} ing m-3) solved isoprene Isoprene tus, Estimated MBL 
(22 Jane, p, 1708). The summary sentences incorrect. concentration (pM) (10 molecules cm? 5-1) concentration (pg >) 
‘should read, “Less carbon dioxide is taken up by the ry a 
Sais Can colar Seal dae bee Bloom SOF Ca SOFK Ch Fay Amazon isoprene SOA 
wus though Wenge 3024076 BAB OG 8200 30020 
Perspectives: “Recent progress and continuing puzzles in Max 7 26 13010 34° 86 = 22 20000 2000 60 
electrostatis® by LB, Schein (15 June, p. 1572) The sum- in Or 02 30 —<2_—14_— 020.7000 0 2 


‘mary sentence is incorrect. It should read, “Insight int the 
adhesion of charged insulating particles is affecting laser 
printing technology and may have other industrial applications.” In the figure caption, 
°200-ym’ should read “300-4.” 

Policy Forum: “Danger of deep-sea mining” by }.Malfar and R. M. Fujita (18 May, p. 987). 
The deep-sea mining activites were erroneously described as stip-mining operations. The 
‘correct erm shouldbe pit-miing operations implying an absence of overburden, asstated 
later inthe article, 

Perspectives: “A promising mimic of hydrogenase acthty” by T.B.Rauchfuss (27 Api. p. 
'553), The Perspective states thatthe compound discovered by S. Ogo et al. Science 326, 
'585 (2007I catalyzes the hydrogenation of benzaldehyde tothe coresponding alcohol. This 
statement refered 1a preliminary result that was not presented in the published paper. 


rary ns 
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Reports: “The phosphothreonne lyase activity of a bacterial type il effector family” by H. 
eto. (16 Feb. p, 1000), Aproduction error caused some ofthe data labels in Fig. 3C to 
be obscured. Acomeced version appears below onthe left. 

Research Articles: “Phytoplankton and cloudiness in the Southern Ocean” by N. 
Mesihidze and A. Nenes (1 Dec. 2006, p. 1419). In Table 2, the C4SOFEK, CF toprene, 
and SOA values were incorect. The corrected table is shown above, For detaled table leg 
end, see orignal paper, 


TECHNICAL COMMENT ABSTRACTS: 


‘Comment on “Wandering Minds: The Default Network 
and Stimulus-Independent Thought” 

Sam J. Gilbert, Iroise Dumontheil, Jon S. Simons, Chris D. Frith, 

Paul W. Burgess 

‘Mason eta (Reports, 19 January 2007, p. 393) attributed activity in certain regions 
ofthe “resting” brain to the occurrence of mind-wandering. However, previous 
research has demonstrated the difficulty of distinguishing this type of stimulus-inde- 
‘endent thought from stimulus-orented thought (e.g. watchulness). Consideration 
ofboth possiblities is required to rescve this ambiguity. 

Full textat me sciencemag og /cgitontenthll317/5834/43b 


Response To Comment on “Wandering Minds: The Default 
Network and Stimulus-Independent Thought” 


‘Malia F: Mason, Michael . Norton, John D. Van Horn, Daniel M. Wegner, 
Scott T. Grafton, C. Neil Macrae 


Gilbert eto. suggest that activity in the default network may be due tothe emergence 
of stimulus-oriente rather than stimulus-independent thought. Although both kinds 
of thought likely emerge during familiar tasks, we argue—and report data suggest- 
jing—thatstimulusindependent thought dominates unconstrained cognitive periods. 


Full text at wane sciencemag or/cgicontentull317/5834/43¢ 
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The Hippocampus Review 


Terrence J. Sejnowski 


he Hippocampus Book—with 
| tion period of 20 years, written by a 
team of 23 researchers, style by 5 edi- 


tors, weighing nearly 6 pounds, and running 
over $50 payes—summarizes 50 years of 
anatomical, physiological, and behavioral 
research on the sea horse-shaped structure 
buried deep within the brain’s medial tempo- 
ral lobe, Itis, however, much more than a ref= 
erence work. The book also captures the lore 
of the field and will serve as a 
eration of hippocampologists 

The volume begins with a historical per- 
spective written by some of those responsible 
for the original research, Fifty 
years ago, Brenda Milner dis- 
covered that cutting out both 
hippocampi and surrounding 
regions from the rest of the 
bbrain (in an attempt toalleviate 
intractable epilepsy) had pro- IR 


Per Anderse 
Morris, David 
m Blis: 

OKeete. 


duced an almost pure case of 
amerograde amnesia in the 
patient H. M. Asis usually true 
for individuals who cannot 


convert new experiences to 
long-term storage, H. M.smem- 
ory of events that occurred well before the 


‘operation was spared. This was tuming point 
forthe study of the hippocampus, which until 
then had been thought to be a part of the olfac~ 
tory system and involved in emotions. We 
now know (from research on monkeys by 
Stuart Zola and Larry Squire) that the m 
tude of the memory problem increases as 
the hippocam- 
pusis damaged: H, M. had a massive lesion of 
his medial temporal lobes. 

The chapter by Tim Bliss, Graham Col- 
lingridge, and Richard Morris could stand on 
its own as a 132-page monograph on hip- 
pocampal synaptic plasticity. the change in 
synaptic strength thought to underlie learnis 
Long-term potentiation (LTP), which has 
become an important field of research in 
its own right, was discovered when hig 
frequency stimulation of the inputs to the hip- 
impuis resulted in more efficient subse 
t Fesponses at synapses in the dentate 
gyrus. LTP at hippocampal synapses is the 


‘more of the cortex surroundin 


The reviewers in the Department of Biology, University of 
Galiforria, San Diego, and the Howard Hughes Medical 
Institute, Salk Institut for Biological Studies, La Jolla, CA 
92037, USA. E-mail tenry@salkedu 
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The Hippocampus Book (iam 


best-studied form of synaptic plasticity in the 
brain, and several forms of long-term depres- 
sion (in which the efficiency of synapses 


decreases rather than increases) were also di 
covered there, as was a long-term chang 
excitability (E-S potentiation), Althor 
ilar forms of synaptic plasticity have been 


igh sim- 


reported elsewhere, the hippocampus remains 
the gold standard 

The limitations of the usual practi 
‘mates of recording from sin 
th are illustrated 
in the chapter on hippocampal physiology and 
behavior, in which John O'Keefe describes 
reconfings from single hippo 
ceampal neurons in freely mov- 
ats. If the rats had been 
restrained as primates are, then 
place cells—which respond 
only wh araspecific 


in pri- 
e neurons Whi 


Richard 


Ete place in its enclosu 


never have been discovered, 
Whenaratentersa new environ- 


‘ment, these cells quickly for 


‘map of its surroundings that is 
stable for many days, The ove 
all electrical activity in the hij 
pocampus in freely moving rats oscillates at 4 
to 6 Hz, which gates the activity of the place 
cells. The advancement of the timing of place 
cell spikes. relative tothe phase of the 4-10 6-Hz 
rhythm, provides highly accurate information 
con the location of the rat. The implications of 


Hippocampus—Woman/Man (Tracey Shors, Steve Weiss, and Dolph Geurds, at Quark Park, Princeton, N], 2006). 


this observation for how precisely the brain is 
constructed have not yet been fully appreciated, 
The hippocampus has attracted brain mod- 
elers, who have theorized the sparse distrib- 
uted codes of the granule cells in the dentate 
zyrus as orthogonalization of its inputs and 
a CA3 as an 

attractor network that performs pattern com- 
pletion, Neil Burgess’s chapter provides an 


the recurrent connectivity of 


overview of these models and their conse: 
quences, The recent discovery by May-Britt 
and Edvard Moser of grid cells in the entorhi- 
nal cortex (cells that respond to locations on a 
hexagonal grid and feed into the hippocampal 
place cells) was not predicted by any of these 
theories, a missed opportunity. But the diseov- 
ery was also missed by a generation of physi- 


ologists who studied rats in mazes that were 
too small to detect the grid pattern, 

At the Society for Neuroscience meeting 
four years ago, Richard Morris and Susumu 
Tonegawa had a spirited public debate on 
‘whether we would learn more about the fune 
tion of the hippocampus from studying neural 
cireuits or from molecular genetics, In their 
chapter, Pavel Osten, William Wisden, and 
Rolf Sprengel summarize the molecular 


mechanisms that have been found to operate 
in the hippocampus and the genetic tools that 
have allowed specific cell types to be manipu- 
lated in different parts of the hippocampus to 
discover hippocampal functions, such as pat- 
tern completion in the CA3 region, 

Among the most important discoveries 
about the brain is the finding that in adults 
are born in the dentate gyrus of 
the hippocampus and that their survival 
depends on experience. In an “enriched” envi- 


ronment (or even an exercise wheel), more 
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The Beh 
Biology of Dog: 


re 


cells survive and get wired into 
js, This is an encouragement to 
lead an active life, In her chapter on structural 
plasticity, Elizabeth Gould considers the pos- 
sible functions of these new neurons and how 
stress reduces their proliferation. In contrast, 
antidepressants such as Prozac enhance hip- 
pocampal neurogenesis. The hippocampus 
‘continues toamaze, 

The hippocampus has served as a Rosetta 
stone, and deciphering its secrets is helping us 
to understand many core principles of brain 
function, The Hippocampus Book records the 
impressive results of our decoding to date and 
passes the toreh to the next generation. 
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ANIMAL BEHAVIOR 


Devoted to Dogs 


Elaine A. Ostrander 


ith the availability draft assem- 
bly ofthe dog genome sequence (), 
2.5 million single-nucleotide poly- 


morphisms, and numerous published studies 
‘on mapping complex traits (2-4), canine biolo- 
uists are returning to what was for many their 
first love: understanding the biology of dog 
behavior. Toward that end, The Behavioural 
Biology of Dogs, edited by Per Jensen (an ethol- 
‘gist at Linképing University, Sweden), fillsan 
important ni 

jeared to students of animal behavior and 
veterinarians, the book is split into four 
tions, each of which focuseson someaspect of 
dog behavioral biology. 
The stage is set by 
the first three chapters, 
which are devoted to 
understanding the evo- 
lution and domestica- 
tion of the dog. Usi 
DNA analyses. Peter 
Savolainen provides a 
clear and vivid discus- 
sion of the dog’s origin, concluding that 
domestication is likely to have occurred only 
‘once, about 15,000 years ago, and in eastem 
Asia. By comparison, Carles Vili and Jennifer 
Leonard address the origin of breed diversity 
They offer an excellent discussion of the 
molecular methods used to study dog origins 
and then plunge into considerations of the 
number and timing of domestication events, 
arguing cogently that domestication may have 


‘The reviewe sat the National Human Genome Research 
Institute, National Institutes of Health, Bethesda, MO 
20892, USA. E-mail eostrandg@mail.nih gov. 


wawwsciencemag.on 


‘occurred as much as 100,000 years earlier 
than suggested by Savolainen. Regandless, 
all agree that the wolf is the dog’s closest 
ancestor and that behaviors observed in 
modem dogs originate with the wolf 

Five chapters. dealin 
with basic animal behav 
Jensen's overview of the ethological 
foundation for animal behavior, which 
includes necessary aspects of the canine 
brain and nervous and endocrine systems. 
jena Jazin's well-written chapter on 
behavioral genetics fails to live up to € 
pectations, as the discussion on identifying 
‘genes seems to have been written for mouse 
geneticists. It highlights strategies for devel- 
‘oping crosses while acknowledging that this 
approach is outmoded and impractical. And it 
fails to mention whole-genome association 
studies, which are likely to be the method of 
choice for finding genes associated with phe- 
notypes of interest. Next. Hermann Bubna- 
physiology; of 2 
interest is work (5) showing that, contrary to 
popular belief, the dogs’ world isnot black and 
Wwhite—they are able to discriminate at least 
some colors. 

The book really hits its stride with Dorit 
Feddersen-Petersen’s discussion of characteris- 
fe pattems of social behavior. Including every= 
thing from how dogs communicate during pl 
to establishing social rights and dominan 
hierarchy, she highlights taits of specific 
breeds. For instance, Nordic breeds are better 
able to deal with conflict, whereas golden 
retrievers show social tolerance. Turing appro- 
priately to learning, Pamela Reid covers the 
biology and psychology of eliciting desired 
behaviors as well as extinguishing unwanted 
behaviors through operant learning and classi- 
1 conditioning 

The third section focuses on dogs and their 
relations with humans. One chapter is devoted 
to feral dogs. which, unlike wolves, lack an 
‘ordered social structure and tend to function as, 
groups of unrelated individuals occupying 
defined territories. It raises some interesting 
questions. For example, what regulates the 
maximum sizeof a feral pack? Apparently not, 
asone might guess the nailability of food, but 
rather that the less-efficient social structure 
restricts the number of dogs that can effc- 
tively hunt together. Ina compelling chapter on 
canine personality, Kenth Svartberg points out 
that researchers interested in individual differ- 
‘ences inanimal behavior have avoided the con- 
cept of personality because of “fear of anthro- 
pomorphism.” He describes personality traits 
as" dispositional factors that regularly and per- 
sistently determine behaviour in many diffe 
cent types of situations.” He notes that fearful 
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ness isthe most-studied trait in dogs, also dise 
cusses aggression and excitability, and offers 
an engaging section on personality formation 

The section ends with Adim Miklisi’s 
excellent chapter on human-animal interac- 
tions and social cognition, which discusses in 
detail some classic experiments, For instance, 
when socialized wolf puppies are allowed to 
seck companionship with either a human or a 
dog, they generally choose the dog. whereas 
dogs always choose humans, Miklosi reminds, 
us that the communication between dogs and 
humans goes in both directions and that dogs. 
generally outshine wolves. For example, dogs 
have a harmonic version of the bark that is 
unknown in wolves, suggesting that dogs use 
barks to express a much wider range of emo- 
tions than wolve 

The last section addresses behavioral prob- 
Jems, especially things that can go wrong in 
dog-human relations. The wwo chapters pro- 
vide descriptions related to clinical syn- 
dromes and a detailed glossary of terms that 
veterinary students will find useful. The cov- 
erage, however, does not extend to breed- 
specific diseases such as bull terrier obses- 
sive-compulsive disorder and springer rage 

Although dog misbehavior preoccupies 
the typical veterinarian-client relationship, 
this volume aptly demonstrates that canine 
behavioral biology is exquisitely interesting in 
and of itself. No matter how they are studied, 
dogs continue to surprise us by fitting so com- 
fortably into our lives. They are smart enough 
to interest us, affectionate enough to fill emo- 
tional voids, and clever enough to read our 
moods. How they do all that, and more, is 
really what The Behavioural Biology of Dogs 
is all about. 
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EMBRYONIC STEM CELLS 


Willingness to Donate Frozen 
Embryos for Stem Cell Research 


‘Anne Drapkin Lyerly'* and Ruth R. Faden? 


oral concerns about the primary 
source of stem cells, human em- 
bryos, have prompted one of the 


most contentious public debates in the his- 
tory of biomedical science, Following the 
announcement of a restriction of US. fed- 
eral funding to research with about 20 cell 
lines isolated from embryos before August 
2001 (/) and, more recently. a presidential 
veto upholding this restriction (2), there has 
been a clear message from the scientific 
community that the eligible lines are not 


only inadequate in number but also unsafe 
for translational re- 
eareh, There is also 


to derive ES cell lines. Many of these 
embryos are destroyed in any event. Mor 
over, although some individuals oppose the 
destructi ny human embryo, deriving 
stem cell lines from human embryos 
remaining after infertility treatment avoids a 
distinct set of particularly controversial 
issues associated with creation of embryos 
itch purposes and with the 
nuclear transfer, In fact, it 
1g stem cell lines derived 
from such excess embryos (5) that would 
become eligible for federal funding should 


nof 


expressly for ress 


use of somatic 


is research ust 


Intentions for stored embryos 


Donate to another couple — 


Thaw and discard 
SAT sear 


General medical research - 


Sten cll 0 ——_—— 


Infertility esearch <n 


Disease (5001) 


0 20 
mounting evidence 
that American sei- 
entists are losing 
ground to other co- 
untries with 
restrictive policies (3). 

Further, surveys of the American public 
indicate that there is widespread support for 
embryonic stem cell (ES cell) research that 


likely (gray). 


cuts across political, religious, and socioe- 
conomic lines. with approval estimated at 
66% of the public overall (4), 

Although any use of human embryos for 
medical research is controversial, stored 
embryos remaining after in vitro fertiliza- 
tion (IVF) treatment has been completed are 
widely viewed as the most morally and polit 
ivally acceptable current source from which 
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Percent infertility patients likely to choose option 


Disposition option for some or all of cryopreserved embryos currently stored. 
SCNT, somatic cell nuclear transfer. Key: Somewhat likely (lavender), very 


legislative efforts in support of human ES 
cell research succeed. 

The potenti 
on ste 


impact of such 


cell science is at this point only 
speculative, however, 
ognized 


cen a less well re 

though no less decisive—moral 
xe for infertility patients whose con- 
sent must precede the ethical conduct of 
nbryo remaining after 


than could safely be returned to a woman's 


uterus at the time of fertilization or in order 
to increase the chances of pregnancy from a 
single cycle of IVF. With reproductive proj- 
ects completed, many patients face what is 
often a morally difficult task of deciding 


national survey indicates that, for many 
infertility patients facing decisions about 
embryo disposition, research is the morally 
preferred option. 


what to do with their remaining eryopre- 
served embryos—how to weight the options 
of donating them to another infertile couple, 
discarding them, or donating them for stem 
cell or other research (6). The results of 
these deliberations are largely unknown and 
are likely complicated by shifts in preter 
ences over time. The only national estimate 


of the number of embryos in the United 
States came from a 2003 survey of infertility 
clinics by Hoffman er a/., indicating that, 
although about 400,000 embryos are cur 
rently stored, most (87%) are being held for 
“patient treatment 
11,000 embryos 
(7), Hof 
estimate, 
duction of st 


and only or 
available for research 
and co-workers’ conservative 


expected loss rates in pro- 
n cells from cryopreserved 


embryos, was that only 275 cell lines 
would result in the unlikely situa~ 
tion that every donated embryo 


‘was used for stem cell research 
A major limitation of that 
national survey Was that clinics 
(rather than patients. them- 
selves) were asked about embryo 
disposition. The only. studi 
reporting directly on patient pret 
erences indicate greater willingness 


to donate embryos for research, but are 

limited by low response rate (8), small 
size, and sampling from a single clinical site 
(9) and were usually conducted in popula- 
tions outside the United States, including 
Europe and Australia, For example, etoss- 
onal surveys of infertility patients with 
bryos currently stored indicate broader 


acceptance than current U.S. estimates of 
the option of donation for research, In 
Australia, 30 to 44% were willing to donate 
embryos for research (10, 1/). In the United 
Kingdom, a prospective survey found that 
the option of donating supernumerary 
embryos was chosen by 54% of infertility 
patients at the time of IVF (12), 

We conducted a survey of 2210 infertility 
patients receivis 
major, geographically diverse infertility 
centers and asked these patients about 
their intentions for the embryos they 
currently stored (/3), Participating centers 
were located in California, Colorado, the 


g treatment at one of nine 
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District of Columbia, Maryland, Missouri, 
New Jersey, North Carolina, Oregon, Penn- 
sylvania, and Virginia. The respondents 
ere asked to answer a set of questions 
with one of the following: very likely, 
somewhat likely, somewhat unlikely, very 
unlikely, oF unsure/don’t know: 

‘A total of 1244 patients returned the sur- 
vey, fora 60% response rate overall [63% for 
women, 51% for nongestating partners 
(male or female)]; surveys were sent to only 
‘one member of a couple, We made clear at 
the outset that the embryo is destroyed if 
used for research, 

Of the 1020 respondents who reported 
that they have embryos currently stored, 495 
(49%) indicated that they were somewhat or 
very likely to donate their embryos for 
research purposes. These 495 individuals 
controlled the disposition of from 2000 to 
3050 embryos, Even if only half of these 
‘embryos ultimately were donated. this find- 
ing s that around 1000 of the 3900 to 
5900 embryos currently stored by the infer- 
tility patients in our sample would be avail- 
able for research purposes. 

Respondents to the survey expressed 
even greater willingness to donate embryos 
to research when certain characteristics of 
the research were specified. In particular, 
the perventage reporting that they would be 
somewhat or very likely to donate increased 
from 49% for medical research (in general) 
to 60% for research in which stem cells are 
derived. [Similar increases were observed 
for rescarch to understand or develop treat- 
ment for human disease or injury (62%) and 
for research to improve infertility treatment 
(61%)]. Pethaps most surprising, 28% indi- 
cated that they would be somewhat or very 
likely to donate embryos to improve cloning 
techniques for medical science. 

Our data suggest that itis reasonable to 
‘assume that $0% of infertility patients with 
cryopreserved embryos would be willing 
to donate their embryos for stem cell 
research. If only half of these embryos were 
to be donated, then, based on the Hoffinan 
et al, (7) finding that 400,000 embryos 
are currently cryopreserved in the United 
States, as many as25% of them, or 100,000 
embryos, could be available for stem cell 
research, If we continue with the Hoffman 
et al. assumptions about the success of 
deriving lines from cryopreserved em- 
bryos, we can calculate that if 63% of the 
embryos survive the freeze-thaw process, 
then 65,000 embryos would be available. 
25% of which (16,250) could be expected 
to develop to the blastocyst staze. OF these, 
a conservative 15% could be expected to 
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become a viable stem cell line, resulting in 
roughly 2000 t0 3000 viable stem cell lines, 
about 100 times the number of lines cur- 
rently available for federal funding. 

This is likely an upper estimate, because 
it is likely that many patients with currently 
banked embryos were never asked for pe 
mission to donate their embryos for stem 
cell research and because some of these 
patients may not be readily locatable for 
consent solicitation. In our study. 3% of 
individuals to whom we sent questionnaire 
had moved or died, which may serve as an 
estimate of the percentage of infertility 
patients nationally who have been lost to fol- 
low-up and will not be available to provide 
consent for any disposition option. In addi- 
tion, it may not be possible for those seeking 
consent for embryo research to locate repro- 
ductive gamete donors, some of whom may 
be unwilling to consent to research, In other 
cases, members of a couple may disagree 
about whether to donate embryos for re- 
search, although most of the respondents we 
surveyed believed that their partner would 
agree with their intentions. 

When infertility patients choose 
search, more appears to be at issue than the 
belief that scientific progress justifies the 
instrumental use of early human life. In 
contrast to broad acceptance of the option 
of donating embryos for research, many 
fewer respondents in our survey expressed a 
willingness to donate their remaining 
embryos to another infertile couple. In fact, 
‘only 22% of individuals with embryos 
currently stored indicated that they were 
somewhat or very likely to donate them to 
another couple intending pregnancy—com- 
parable in number to those who indicated 
they were likely to thaw and discard them, 
Thus, research emerged as the preferred 
option for supernumerary embryos—the 
reflective preference of those facing the 
very personal moral dilemma of what to 
do with embryos not used for infert 
patients” reproductive goals. 

The prevailing view has been that beliefs 
about the moral status of human embryos 
should be fully predictive of moral views 
about the acceptability of research requir= 
ing their destruction—that a respectful 
stance would entail giving existing embryos 
the chance to develop into children (/4), 
But our data suggest that for most of the 
individuals who create embryos in hopes of 
having a baby, the preference is not that 
their remaining embryos have a chance at 
life. but rather that they be used in a way 
(research, and if not. simply destruction) 
that ensures that they do not. 
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There is a possibility. of course, that the 
reluctance of infertility patients to donate 
‘embryos to another couple is a prudential 
rather than a moral preference—that the 
idea of someone else gestating their embryo 
‘and raising their genetic child is experienced 
by these patients as intolerably Worrisome, 
rather than as morally wrong. But qualitative 
work with infertility patients suggests a dif- 
ferent moral view—that there are deep 
responsibilities to one’s own embryos— 
responsibilities that preclude allowing them 
to develop into children without the knowl- 
‘edge, participation, or love of those who 
ated them (6, /5, /6), Our data suggest that 
the way that infertility patients resolve the 
very personal moral challenge of supernu- 
merary embryo disposition is consonant 
with the conclusions of the American publ 
the majority of whom support human em- 
bryonic stem cell research, 
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MATERIALS SCIENCE 


Shape Matters 


Martin van Hecke 


your eyes, and uniformly and ran- 
domly fill a sheet of paper with dots 
Now open your eyes, draw a little box 
‘on the sheet, and determine the kl 
density of dots by counting their num- 
ber in the box, You have just taken a 
sample—a statistical measurement used 
in opinion polls and blood samples alike 
‘Common sense suggests thatthe overall 
dot density can be estimated by their density 
inthe sample and that this estimate improves 
with the size of the sample, On page 105 of 
thisissue, Narayan eral. () report.a spect 
lar breakdown of this assumption. In theirel 
nt experiment, sticks made of pieces of 
copper wire are vibrated and rattle around 
between two closely spaced horizontal plates. 
Counting, in snapshots of the system, the 
number of sticks Vin boxes of increasing size, 
Narayan ef al find that their sample-to-sam- 
ple fluctuations grow proportionally to N. tn 
‘other words, the local estimate for the overall 
density does not improve with sample size, 
and density is ill defined, The authors refer to 
this observation as giant number fluctuations. 
Mathematics rules out such giant fluct 


Tess. following: Take a pen, close 


tions fora broad class of systems, The central 
limit theorem states that when fluctuations are 
independent, sample-to-sample fluctuations 
grow only as the squire root of N. This theo- 


rem applies to simple equilibrium syste 
(such as a gas at constant temperature) but 
does not automatically apply to nonequilib- 
rium systems (such as living systems), 
Narayan et al, use the nonequilibrium sys- 
tem of choice for physicists: granular materi- 
als, which 


¢ collections of macroscopic 
particles such as sand grains, nuts, or—in the 
present system—sticks. The sticklike sha 
crucial for the giant number fluctuations to 
occur, When their overall density is large 
enough, nearby sticks align, something which 
can also be seen in equilibrium systems of 
elongated particles such as liquid erystals. In 
the stick system, alignment ca 
nonequilibrium behavior: Al 
propagat 

visually remin 
the figure). Narayan et a, attribute 


of fish (ses 


The author isin the Kametingh Onnes Laboratory, Leiden 
University, 2300 RA Leiden, Netherlands. malt mibedia 
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Fish swarm 


Agitated sticks 


When nonspherical granular systems form 
swarms, density is no longer well defined. 


Sheared foam (11.0. 


‘Swarms and swirls. In the experiments of Narayan et a, agitated sticks form swarming states that exhibit 


giant number fluctuations, Sit 


3 patterns are observed in fish swarms (top left). Swirls are also observed 


in systems that are close to jamming, for example, in the motion of bubbles ina sheared foam (right) 


the giant fluctuations in their experiments to 
the complex coupling betwe nment, 


Theoretical models have been developed to 
describe swarming and alignment observed in 
schools of fish, locks of birds, herds of sheep. 
‘or bacterial colonies—often borrowing from 
equilibrium models for magnetization, which 
consider the alignment of arrowlike objects. 
A very simple nonequilibrium model that 
exhibits cooperative motion arises when the 
arrowsare allowed to propagate (2). In similar 
models, a collecti wo predators and. 
decision-making can arise (3). Toner and Tu 
first pointed out the giant fluctuations in 
such models (4). 

In these systems, the particles have a p 
ferred direction of propa just like real 
fish and birds. In 2003, Ramaswamy eral. ( 
wondered what would happen for “active 
‘nematics.” liquid crystals in which the parti- 
cles have an orientation but have identical 
heads and tails (like the sticks in the present 
experiment). Their theory predicted that 
nematic systems also should exhibit giant 
‘number fluctuations. and these were recently 
observed in computer simulations (6). 

However, when Narayan eral, tried to find 


¢ respons 
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such fluctuations in experiments, they en- 
countered a surprising hurdle: cylindrical 
rods, arguably the simplest nematic particles, 
do not form nematic states and do not exhibit 
giant Muctuations (7), The authors achieved 
their present breakthrough only after etchin, 
the rodsto obtain sticks with thinner ends (see 
the figure): for unknown reasons, these sticks 
exhibit ne 


atic order. To complicate matters 
further, Aranson ef al. recently performed 
similar experiments and observed that weak 
coupling between the nematic order and spuri 
ous in-plane vibrations of the support plate 
may strongly influence the swirling motion 
(8). Clearly, swarming is a subtle problem, and 
the precise nature of the swarming state 


and the tra 
understood. 

The experiments of Narayan et al, are part 
ofa bigger story, where nonequilibrium sys- 
tems of nonspherical particles exhibit surpris- 
ing behavior: We do not yet understand the 
sequence of shape. An earlier striking 
example of this is the finding that, contrary to 
expectation, M&M candies can be packed 
more effectively than spheres (9). 

Imagine further increasing the density of 
the sticks in the experiment of Narayan et a. 
At some point, the particles will hinder each 
other so much that their dynamics will slow 
down dramatically, and collectively the sticks 


sition to swarming is not yet fully 
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will behave as a rigid system—the system 
will be jammed (/0), Studies of jamming in 
collections of spherical particles have uncov- 
ered many aspects of the rich structure 
of these disordered systems (11-14), Despite 
the absence of nematic order, these systems 
show swirling near the jamming transition 
(see the figure). Probing the spatial ordering 
and mechanical properties of nematic parti- 
cles, such as ellipses, promises to provide 
fresh insights into swarming and jamming. 
Does the transition to swarming precede 
the jamming transition or coincide with it? Do 
sant Muctuations persist near jamming? Are 
swarming and swirling two manifestations of 


the same underlying mechanism? To answer 
these questions, physicists will increasingly 
subject rice grains, rods, needles. disks, and 
other nonspherical objects to shaking and 
shearing in the coming years. What is clear 
already is that shape matters, 
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Remembering the Subtle 


Differences 


David M. Bannerman and Rolf Sprenge! 


good taxi driver in a cosmopolitan 
A has to find an arbitrary destina- 
jon from any starting point, eff 

ciently and with high precision, relying on 
lection of the city’s layout and taking 
imo account changes in traffic oF road con- 
ditions. The hippocampus is central to such 
tasks that rely on memory and spatial navi- 
gation, and the way in which it does this is a 
key issue in neuroscience, Over more than 
decade, the Tonegawa laboratory has ana- 
lyzed the function of neuronal plasticity in 
the rodent hippocampus by selectively alter- 
ing the expression of genes associated with 
the flinetion of synapses, the junctions that 
facilitate communication between neurons 
(J. 2). On page 94 of this issue, McHugh, 
Tonegawa, and colleagues (3) identify an 
important role for synaptic plasticity in the 
dentate gyrus of the hippocampus for learn- 
ing. The findings explain how we detect 
small changes in our environment, perhaps 
allowing us to update and guide our choices. 

The principal excitatory neurons of the 
‘mammalian hippocampus are organized into 
three different cell layers that are linearly 
connected, The entorhinal cortex. which 
provides the major input of sensorial infor- 
‘mation to the hippocampus. sends activating 
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signals to the granule cells of the dentate 
gyrus (see the figure). The dentate gyrus, in 
turn, sends neuronal projections (axons) to 
CAS hippocampal cells. CA3 neurons pro- 
ject to CAI pyramidal cells, thusestablishing. 


Hippocampus 


Knowing what, when, and where. In the mouse 
brain, the dentate gyrus region ofthe hippocampus 
‘an detect small changes in the animal's spatial 
environment and differentiate between recent 
‘experiences that occurin the same place. The white 
artoxs trace 2 path of signaling between different 
‘egions of the hippocampus. Sensory information 
‘an enter the hippocampus from the entorhinal 
«cortex and is sent back to the entorhinal cortex 
after processing. 


‘Mice use a specific neurotransmitter receptor in 
the dentate gyrus of the hippocampus to detect 
small changes in their surroundings and differ- 
entiate between similar experiences, 


a “trisynaptic” pathway in the hippocampus. 
To complete the circuit, CAI cells send out- 
put signals back to the entorhinal cortex 
In addition to this major trisynaptic path- 
way. there are connections between CA3 
cells and additional entorhi- 
nal cortical inputs onto both 
CA3 and CAL cells, Synaptic 
strengths at each node in the 
trisynaptic pathway can be 
‘modulated, and this is partly 
dependent on the N-methyl- 
p-aspartate (NMDA) recep- 
tor, which is activated at 
synapses by the neurotrans- 
mitter glutamate. Altering the 
strength of individual synap- 
ses might enable hippocampal neurons to 
integrate into ensembles that, when acti- 
vated, could represent salient features of the 
environment. Hippocampal “place” cells 
have long been taken as evidence for such 
internal representations (4). 

Place cells are active only when the ani- 
‘mal is at particular position in space. These 
neurons could therefore identify the 
animal's current spatial location and, in con- 
cert with other neuronal ensembles, track 
the animal's movement. But beyond spatial 
information, hippocampal neuronal activity 
may provide a more complete representation 
of episodes or experiences (5. 6). 

Distinct features of hippocampal activ- 
ity—its so-called neuronal code—are differ- 
entially sensitive to small and large changes 
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in environmental or contextual features, 
suggesting that there are multiple mecha- 
nisms by Which experiences can be differen- 
tiated (7, 8). Small changes in contextual 
‘cues result in a change in the correlated neu- 
ronal activities (“rate remapping”) in the 
dentate gyrus and CA3, whereas larger 
changes in contextual information result in 
the recruitment of different neurons, espe- 
cially in CA3 (“global remapping”) (8). 
Metlugh ef af, observed that rate remap- 
ping, but not global remapping. was dis- 
rupted in mice genetically engineered to 
lack NMDA receptors in the dentate gyrus 
(lack of a functional receptor prevents 
changes in synaptic strength). This pheno- 
type allowed the authors to assess the role of 
rate remapping in differentiating between 
similar experiences. 

McHugh et af. used a modified fear con- 
ditioning paradigm in which one of two 
experimental contexts to which mice are 
‘exposed was paired with the animal receiv= 
ing a footshock. Although mice lacking 
NMDA receptors in the dentate gyrus 
‘acquired and retained contextual fear condi- 
tioning—the animals learned to associate 
fear with a particular environment—they 
Were slower compared to wild-type litter- 
mates in learning to discriminate between 
two similar contexts. This result isconsistent 
‘with the idea that synaptic plasticity at entorhi- 
nal cortex dentate gyrus synapses is impor: 
tant when spatial context is used to identi 
the appropriate memory (receiving a 
footshock or not), and subsequently for 
making the appropriate behavioral response 
(ovhether or not to become immobile) (9). 
This notion has often been considered in 
terms of an ability to reeall “what” happened 
"and could make a key contribution 
odie memory in humans. The NMDA 
Feceptor-mutant mice could. however, 
‘acquire spatial memory when learning to 
navigate a watermaze. The clear implication, 
therefore, isthat NMDA receptor-dependent 
spatial pattern separation in the dentate 
gyrus is not required to solve the water- 
maze. So when is pattern separation a key 
feature of hippocampal function? 

McHugh er al. show that subtle change 
in the spatial context are sufficient fo require 
pattern separation, but are such context 
shifts necessary? In a similar study, mice 
lacking NMDA receptors in the dentate 
gyrus learned to discriminate between 
which arms ofa radial maze contain food 
rewards and which arms are not rewarded: 
They acquired spatial “reference” memory. 
as did the mice in the watermaze experiment 
(10). However, the mutant mice could not 
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keep track of which arms they had already 
visited, making more spatial “working” 
memory errors than wild-type mice with 
intact dentate gyrus physiology. The requi 
ment for spatial pattern separation is the 
same for both the reference and working 
memory components of this task. Therefore, 
impaired spatial pattern separation cannot 
explain this spatial working memory de 

To solve a spatial working memory task 
an animal must also process the temporal 
‘context associated with an event (“what hap- 
pened, and when”) and record or represent 
which locations have been visited recently, 
A role for the hippocampus in encoding 
temporal sequences in rodents has been 
demonstrated (11), Now, the new studies 
with genetically modified mice show that 
NMDA receptor-dependent plasticity at 
synapses in the dentate gyrus, and the possi- 
ble subsequent rate remapping of correlated 
neural activities, contribute to temporal 
information processing, providing a mecha- 
nism by which recent experiences could be 
represented and thus differentiated, 

The development of mice with inacti- 
vated or activated genes in specific regions 
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of the hippocampus constitutes a great step 
forward in our understanding of how the 
hippocampus works, The challenge now is 
tounderstand the roles of individual NMDA 
receptor subunits, different forms of synap- 
tic plasticity (long-term potentiation, long- 
term depression, and depotentiation), and 
the various hippocampal subregions (dor- 
sal-posterior and ventral-anterior) in regu- 
lating behavior. 


References 
1. 1.2 Ten, FT Huerta, § Tonegava, Cell 87,1327 
(1996). 
2, K.Makazama eo, Science 297, 211 (2002), 
3. 1]. Mciugh eto, Science 327, 4 2007): published 
‘online 7 Jane 2007 (2o/1126/scence.1140263), 
4, 1.O'Keele Nadel, The Mippocompus aso Cognitive 
‘Mop (Clarendon, Osor, 1978). 
5. A Wood, PA. Dudehenko H Echenbsum, Nature 
397, 613 (999). 
46, 5. Leuged eo, Science 309,619 (2008). 
7S leutges 1K Leutge, A. Trees, Mh, Mose, 
Mose, Science 305, 1295 (2008) 
8.1K Leutget, 5. Levi, MB, Moser E | Moser, 
Solence 315, 961 2007). 
9. R. Hirsh, Behav, Bol, 12,421 (1974), 
10, B. Newoehne et a, Eu, J. Neuro. 25, 837 (2007). 
11, MJ. Fortin .L.Agste, M8. Echenbaum, Nature 
‘Newrosc. , 458 (2002), 


10.1126/aience.1145811, 


CANCER 


Sex, Cytokines, and Cancer 


Toby Lawrence, Thorsten Hagemann, Frances Balkwill 


‘Acell signaling protein associated with the innate immune response is linked to a pathway that 


‘Supports cancer progression. 


ancers are not just malignant cells. 
( More than half of the cancer mass can 
be made of supporting cells such as 
fibroblasts tissue macrophages, and endothe- 
lial cells; cancers eannot progress into life- 
threatening metastatic lesions without them. 
The process by which normal cells are re- 
‘ruited, expanded, and maintained in cancers 
is closely related to inflammation and to the 
remodeling that occurs in tissues as the dam- 
age of acute inflammation is repaired (1). Two 
papers in this issue, by Naugler etal. on page 
121 (2) and Rakoff-Nahoum and Medzhitov 
‘on page 124 (3), advance our understanding of 
the mechanisms of cancer-related inflamma- 
tion. They describe an important role for an 
intracellular signaling protein called MyD88 
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in the development of experimental liver and 
colon cancers in mice. MyD88 function has 
been well characterized in the innate immune: 
response (4), relaying signals elicited by 
pathogen-associated molecules and by the 
inflammatory cytokine interleukin-I (IL-1), 
Its identification in promoting cancer progres- 
sion reveals a molecular pathway that could be 
targeted for drug development, 

Early experiments demonstrated the need 
for inflammatory cytokines such as tumor 
necrosis factor-o. (5), and inflammatory cells 
such as macrophages (6), in the development 
and spread of some experimental tumors. More 
recently. activation of the transcription factor 
nuclear factor xB (NF-XB), which is critical in 
cellular responses to TLR ligands and IL-1, 
.was implicated in the innate immune response 
promoting murine hepatocellular and colon 
carcinoma (7.8). The conclusion from Naugler 
etal. and Nahoum and Medzhitov is that MyD88_ 
may function upstream of NF-xB in cells 
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involved in inflammation-associated cancer 
(see the figure). 

A key finding of Naugler et al. is that 
chemically induced liver damage in mice 
leads to the MyD88-dependent induction of 
IL-6 production. In this liver cancer model, 
IL-6, made by liver macrophages (Kupfer 
cells), promotes tumor progression. By 
specifically eliminating NF-xB activation in 
macrophages, this group previously estab- 
lished that during the development of liver 


cancers, IL-6 secreted by Kupfer cells 
requires NF-KB activity, MyD88 is required 
for both TLR and IL-1 to activate NF-xB in 


the innat 


immune response (4). The data of 
Naugler ef al, suggest that TLR ligands (or 
IL-1B released by dead hepatocytes) could 
drive NF-xB activation in Kupffer cells 
through MyD&8, However, the selective abla- 
tion of MyDR8 in Kupfler cells is required to 
firmly establish this link. Ablation of specific 
TLRs or the IL-1 receptor would also reveal 
whether inhibition of these receptors could 
protect against liver tumor development. 

Although the study by Naugler et al. 
implies that IL-1 or ligands for TLRs may trig- 
ger MyDS8 activity and an innate immune 
response in liver cancers, itis likely that acti- 
vation of MyD&S in spontaneous colon car- 
cinogenesis, as deseribed by Rakoff-Nahoum 
and Medzhiton, is driven by commensal bacte- 
ria that encounter intestinal macrophages, 
These authors crossed MyD88-deficient 
(Myd88~) mice with mice that spontaneously 
develop intestinal tumors due to a mutation in 
the adenomatous polyposis coli (APC) gene 
(ApeMin/+), Mortality of the resulting mice 
‘wats reduced by more than 60%, Although the 
absence of MyDXS did not affect initiation of 
malignancy, microscopic tumors failed to 
progress, and production of many inflamma- 
tory and tissue-remodeling factors (including 
IL-6) decreased. This study did not determine 
the role of MyDSS or NF-xB signaling in the 
intestinal macrophages of the ApeMin= 
mice, However, Greten et al. (7) have shown 
that ablation of NE-<B activation in macro- 
phage cells protect mice from chemically 
induced colon carcinomas 

Its important to note that NF-xB also has 
cytoprotective and anti-apoptotic functions in 
‘malignant cells (7, 9). However, neither 
of these phenotypes appears to be MyD88 
dependent, suggesting that MyD88 is 
only responsible for inflammation-associated 
‘tumor promotion by NF-KB. 

Another key finding of Naugler ef al. 
relates to the gender differences in liver can- 
cer susceptibility. In their model, the actions 
of IL-6 were only seen in male mice. Male 
‘mice—and men—are three to five times as 
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Ker progression. Immune cells infiltrate the microenvironment of a tumor. 


Naugleret al. and Rakolf-Nahoum and Medzhitov suggest that the development of liver and intestinal can- 
‘cers in mice may depend on a signaling pathway in infiltrating immune cells that involves the protein 
‘My088, the transcription factor NF-x8, and the pro-inflammatory cytokine IL-6, Shown are images of 


human cancers 


likely to develop liver cancer as females 
because estrogens are key inhibitors of IL-6 
production. Atall ages, women are less likely 
than men to develop colon cancer (10). 
Estrogen hormone replacement therapy also 
reduces the incidence of colorectal cancer 
in postmenopausal women, and in several 
murine colon cancer models, females have 
fewer colon tumors than males. These estro- 
gen-related gender differences may well 
extend to other cancers. 

However, MyDR8 seems to have a wider 
role in malignancy than regulation of IL-6 
production. Although Rakoff-Nahoum and 
Medzhitov do not specify the age and sex 
characteristics of the mice used in their 
experiments, they present no evidence that 
only males were protected from colon cancer 
when MyD88 was deleted. In ApeMin/~ 
mice (presumably both male and female). 
MyDR8 induced the expression of factors 
(the enzymes COX-2 and MMP-7, and IL-1) 
that not only enhance tumor progression, but 
also are involved in tissue repair. It seems 
that MyDS8 regulates a tissue-repair path- 
‘way that both promotes, and is triggered by. 
growing malignancy. 

Do these experiments in mice have any rel- 
evance to cancer prevention and therapy? As 
suggested by Naugler et al, estrogen mimet- 
s that inhibit excessive IL-6 production 
might prevent chronic liver disease in men. 
Certainly. TLR ligands are possible targets for 
cancer therapeutics, but their inhibition could 


severely compromise immune response: 
The findings of Naugler et al. and RakofT= 
Nahoum and Medhitow strengthen the ration- 
ale for inhibiting inflammatory eytokines in 
cancer, IL-6 is implicated in the progression 
of several other human eancers including mul- 
tiple myeloma, prostate cancer, and ovarian 
cancer. Antibodies that inhibit IL-6 action ane 
ssife and active in sheumatoid arthritis patients 
(1), They are also highly effective in the 
IL-6-driven myeloproliferative disorder 
Castleman's disease andare currently in Phase 
VII clinical trials in other advanced cane 
(12), But will these agents work best in males 
and postmenopausal women? 
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COMPUTER SCIENCE 


Virtually Trustworthy 


Judith Donath 


ir impression of others in face-to- 


O ict eres fom ml 
‘modal observations: We hear voices, 
see faces and gestures, and listen to each 
other's words, Our online interactions are less 
sensory, dominated instead by text: We send e 
‘mail, read discussion boards, and participate 
in text chats. Yet that may be changing. Online 
3D spaces such as There and Second Life fea- 
ture detailed virtual environments in which 
users represent themselves with graphical 
avatars, often highly customizable, 

Avatars may closely resemble a person, or 
they may be fantastical creations such as 
aliens or talking lizards. Their online use dates 
back to the mid-1980s, when they were used 
in games such as Ultima and in the online 
I space Habitat. As technology has 
advanced, they have gone from being static 
2D images to complex 3D a 
plete with realistic gait, fashionable e' 
‘and dynamic facial expressions, 
challenge in creating more sophisti~ 
tars lies partly in the domain of com 
puter graphics, such as better rendering of hair 
and fabric or more lifelike gait kinematics. Yet 
there is also a substantial social element: get- 
ting the avatar to interact with others wr 
fully and realistically. For example. 
avatar is rendered with detailed eye 
appropriate gaze direction is essential, All 
such behaviors, which are taken for granted in 
face-to-face interaction, must be explicitly 
coded into the avatar. 

‘We earry out social interactions with 
‘number of communicative behaviors that inki- 
cate our intention, state of mind, communica 
tive competency, and so on. For instance. you 
muy See an acquaintance across the room at 
cocktail party and decide to go speak to him, 
You carry out this goal not only by walking 
across the room but also by making eye contac 
smiling, raising your brows, adjusting your 
clothes—a complex set of communicative 
‘behaviors that indicate your intention to start a 
conversation, allow you to gauge his willing- 
ness todo so, and show your level of determina- 
tion, Cassell and Vilbjalmsson (/) argued that 
avatars without these social behaviors seem 
stilted and awkward, They ean be moved to 
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stand next toeach other to talk, but stare blankly 
io space, inert and unengaged. 

Just giving the user finer control over the 
avatar isnota satisfactory option, however, for 
‘users must specify their avatar’s every eye 
‘movement and gesture, they would be too dis- 
ted to engage in the conversation itself. 
Cassell and Vilhyilmsson’s solution was to 
program such behaviors into the avatars, tobe 
set off when the user indicated some desired 
action. For instance, ifthe user indicated (with 
a simple typed command) that she wanted to 
end a conversation, the avatar would break 
away by averting its gaze, and upon leaving 
‘would look at its recent partner, nod its head, 
and wave. Users of this system found it more 
natural and engaging than one with stati 
avatars and felt that their conversational part- 
ners were more expressive. 

Researchers have found that users infer a 
umber of character traits fromavatarbehavior 
and appearance. They judge avatars that are 
‘humunlike and clearly gendered (as opposed to 
androgynous) to be the most attractive and the 
‘most credible (2), In an audio-only convers- 
tion, simply adding an avatar whose head and 
eye movements match the conversation flow 
increases users’ perception of their partners’ 
trustworthiness and friendliness 

Today's online graphical interactions are 
still rather awkward, Behavioral sophistic 


Held in trust. 
Selt pre 

so reatand 
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How online personas are designed may 
increase the impression of trustworthiness, but 
that does not make the information conveyed 
more reliable. 


tion lags behind rendering skill, so we have 
avatars whose appearance raises high especta- 
tions of humanlike behaviors but whose gaze 
and gestures are relatively primitive. However, 
it is quite conceivable that in a few years 
avatars whose behavior is nearly impercepti 
ble from humans’ will be available 

Yet this raises important questions about 
the reliability of the impressions we form in 
avatar-mediated interactions, In our face-to- 
face interactions, many of t s we read to 
ssess traits such as trustworthiness have real 
links to the trait, Gaze direction, for example, 
links directly to what one is seeing When long 
averted itis thu of inattention, During 
times of high cognitive load, such as when 
inventing a story, people may make less eye 
contact, possibly because gazing at another 
face is itself cognitively intensive process. 
Perhaps because of this, we have the popular 
(though unsubstantiated) belief that someone 
who makes steady and direct eye contact is 
being honest (3), 

Online, however, behaviors generated by a 
software program can ereate the same impres 
sion of trustworthiness or friendliness, but 
without a grounding connection to an under 
Iying cognitive process or other causative ¢ 
ment. As behavioral software becomes more 
sophisticated, are we creating avatars that will 
be increasingly attractive and seemingly 
friendly but are in fact the ideal mask behind 
which a dishonest or manipulative person ean 
operate? Once an interfsce includes human- 
like avatars, the issue of user interpretation of 
character traits from ungrounded avatar 
behaviors is inevitable, for even nonaetion is 
an interpretable behavior; it conveys 
impression of social ineptness and distance. 

How we assess these issues depends on the 
context in which they are used and how we 
view them in relation to real-world practi 
the real world, we use many strate 
enhance the impression we make on others. 
‘We employ resume consultants and speech 
coaches, wear makeup, and undergo plastic 
surgery. In the virtual realm, idealized bodies 
and perfect skin are the norm (2), but there are 
also a whole new range of possible enhance- 


an 


ments. Bailenson and colleagues have con- 
ducted several experiments on digital mim- 
icry, such as morphing a person's own fi 
into the avatar of their conversational partner 
or having that avatar closely mimic their ges- 
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tures (4), They found that people in a group 
paid closer attention to messages delivered by 
“team face” avatar, made by combining the 
features of the people in the group. This could 
bea useful technique for enhancing the cohe- 
siveness of geographically dispersed groups. 
Yet they also found that poli 
were more persuasive when their faces were 
made to subtly resemble the listeners, raisin, 
the specter of a world in which you are bom 
barded with oddly compelling ad campaigns 
presented by people just like you. 

Reliability involves tradeoffs, Less reliable 
is often cheaper or easier: 


‘communieatio 


‘when deception becomes too prevalent, more 
costly signals or social sanctions may be 
needed (5). Suspicious citizens of the future 
‘may demand to interact with candidates only 
through trusted “manipulation-free™ sites. 
Today. most 3D graphical sites are famasy 
games, where role-playing and artifice are not 
only accepted but also required, As social sites 
such as Second Life gain popularity, other uses 
are emerging, including academic lectures, 
retail stores, and business meetings. Thes 
will require a range of avatar designs, not only 
in terms of technical sophisti 
across a continuum from the most attractive 


and impressively persuasive to the most rigor 
ously and reliably grounded. 
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Shining Light on the Rapidly 
Evolving Structure of Water 


‘Andrei Tokmakott 


the molecular origins of the physical 
[ properties of water continue to puzzle 


scientists, Each tool provides only a 


limited perspective, revealing certain aspects 
of the hydrogen-bonding structure or of the 
ultrafast time scales over which the structure 
changes. Now, a new generation of time- 


resolved vibrational spectroscopies is provid- 
ing detailed insights into how the structure of 


water © 
about the 


olves, The results raise questions 
ature of hydrogen bonding. 

The structure of liquid water is generally 
conceived as a disordered network of mole- 
cules connected by hydrogen bonds (/). This 
structure fluctuates and reorganizes on time 
scales between 1015 (10-45) and 10 ps(10-"'). 
This hydrogen-bond dynamics is at the heart 
of the unique physical, chemical, and biologi- 
cel properties of water. Insights into its struc- 
tural properties have come from x-ray and 
neutron-scattering experiments, which lack 
dynamical information: insights into its 
dynamics have been gained from ultrafast 
time-resolved experiments, which have 
lacked structural detail. The most detailed 
understanding of liquid water derives from 
molecular dynamics simulations, which com 
monly treat the liquid as rigid molecules with 
charges. Such simulations provide an atom- 
by-atom perspective on how hydrogen bond- 


ges with time, but their dynamics have 


never been properly tested against experiment. 
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Femtosecond infrared spectroscopy bridges 
the gap between these methods by providing a 
structure-sensitive probe of how the hyare 
bond network in liquid water evolves. In these 
studies, hydrogen bonding is probed by mon 
toring the frequency of the O-H bond-stretch- 
ing vibration, which decreases with increased 
strength of the hydr 

articipates. The newest method of two-din 
sional infrared spectroscopy (2D IR) uses 
ht pulses to track how 
the frequencies of different O-H 
bonds evolve with time, 

However, spectroscopy cannot 
tell you everything. Simulations 
are important for providing the 
structural interpretation of the 
experiments, drawing on a theoret- 
ical description of how the O-H 
frequency is determined by hydro- 
gen-bonding structure (2-4). This 
interpretation tool has initiated a 
feedback process in which the sim- 
ulation describes how structural 
changes appear in the experiment, 
and the experiment provides the 
benchmark forthe computer model. 

Asbury et a. were the first to 
perform 2D IR experiments on 
er (5). By studying the isolated 
O-D vibration of dilute HDO in 
H,0 (D is the 7H isotope), they 
ped the time scales over which 
a water molecule samples diffe 
hydrogen-bonding configurations. 
They observed dynamics on time 


Time-resolved infrared spectroscopy is 
shedding light on the dynamics of hydrogen 
bonding in liquid water. 


5 of 48 f5, 400 f, and 1.4 pss, and attrib- 
uted the short times to fluctuations in the 
hydrogen bonds and the long times to hydro- 
gen-bond breaking and forming. These results 
\were qualitatively similar to simulations, but 
the time scale for hydrogen-bond breakin, 
nearly two times slower than for the widely 
uused SPC/E and TIP4P water models, Fecko et 
«al. made similar observations for HDO in D,O 
using the related technique of echo peak shift 
spectroscopy. In addition to S0-fs fluctuations, 


Switching a hydrogen bond. inthis 288-45 sequence taken from 
a classical simulation, structural fluctuations induce the switching 
of a hydrogen bond between the donor molecule (bottom) and an 
acceptor molecule (upper lef) toa new acceptor (upper right). The 
1 hydrogen-bond connectivity i colar coded, showing the rotation 


from the initial acceptor (blue) through the bifurcated state (green) 
to the approaching new acceptor (orange) 


they observed hydrogen bonds vibrating 
witha period of 200 fs, and network reorgan- 
ization on a 1.4-ps time scale (4). 

More recent 2D IR experiments on pure 
H,0 have revealed a different type of dynam- 
ics: the flow of vibrational excitation through 
many water molecules. The O-H vibrations 
in the liquid are collective vibrations spread 
‘over many molecules. These collective vibra- 
tions result from efficient intermolecular 
energy redistribution, which Cowan er al. 
have shown occurs within an extraordinarily 

st 50 fS (6). Furthermore, the vibrational 
a bond cascades 
rapidly into bending vibrations, hindered 
molecular rotations, and heating of the sur- 
roundings within less than 1 ps (7, 8). Thus, 
the dynamies of water provide an unusually 
effective route for dissipating vibrational 
excitation, the energy relaxation process that 
‘guides the conversion of reactants to prod- 
uucts in aqueous chemical reactions, 

By which mechanism does the structure 
of liquid water evolve with tim 
ms have deseribed picosecond 
ments between “inherent structures” 
groups of molecules with a certain hydro- 
gen-bond connectivity about which the 
structure fluctuates (9). Recent studies have 
sharpened the picture. With 2D IR, Eaves er 
al, watched adjacent molecules that did not 
appear hydrogen bonded, and showed that all 


of these species re-formed a hydrogen bond 
within 150 3 (/0). This demonstrated that 
liquid water does not contain “dangling 
bonds” that persist as an intermediate in the 
switching of hydrogen-bonded structures. 
The liquid reorganizes through abrupt, con- 
certed events that switch a hydrogen bond 
from one partner to another. 

Simulations by Laage and Hynes pro- 
vide a detailed mechanism for this process 
(11). They found that switching involves the 
concerted lengthening of a hydrogen bond 
between donor and acceptor, accompanied 
by rotation of the donor's O-H bond toward 
an approaching new hydrogen-bond accep- 
tor (see the figure). At the transition state, 
the donor hydrogen bond is bifurcated 
between the two acceptors. This switching 
‘occurs when the initial acceptor experi- 
ences a momentary over-coordination by 
hydrogen bonds and the new acceptor is 
uunder-coordinated. 

‘An unanswered question lurks behind all 
studies of water: What is a hydrogen bond? 
Researchers currently use working defini- 
tions: for instance, a geometric criterion in 
simulations or a distinguishing spectral 
feature in experiments. The use of such 
nontransferable, yes-or-no definitions to 
deseribe a phenomenon that varies smoothly 
in space and time has led to many arguments 
about how to reconcile different studies. 
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Is it possible to do better? There are limi- 
tations to interpreting water properties in 
terms of hydrogen bonding, as detailed ~40 
‘years ago by Eisenberg and Kautzmann (/2 
Perhaps researchers should focus on more 
tangible observables such as nuclear position 
and electron density. Or perhaps. dynamical 
definition of a hydrogen bond will help. It is, 
only meaningful to refer to a bond as stable 
if it persists for longer than a vibrational 
period, a characterization possible both by 
experiment and simulation, The lack of 
ity in these matters is an example of what 
makes water an enigmatic substance, 
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The Power to Set You Free 


Will Stewart 


cof the best-known technology mag- 
O avinesis Hired, capturing in one word 

both the attraction and the bane of the 
Information Age. We all want to be connected, 
but none of us loves the cables that connect. Of 
course. a rapidly expanding plethons of wire- 
less technologies—cellular phones, WiFi, ID 
tags, Bluetooth, and many others—provide 
data connectivity. But despite improvements in 
battery technology and Moore's Law, the 
increasing performance of portable devices 
still has us reaching for a power cord far more 
offen than we would like. But now Kurs et al. 
report on page 83 of this issue an ingenious 
approach that may offer us a chance for true 
wireless freedom (/). 
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Wireless data are so pervasive (my laptop 
‘can see nine local wireless devices from my 
seat on a train as I write) that readers may 
‘wonder what is so difficult about providing a 
wireless power cord. And one can transfer 
power as well as information by means of 
electromagnetic radiation; indeed. sunlight is 
the ultimate source of most of the energy we 
use. Sunlight can be extraordinarily intense, 
but it is still barely enough: The sunshine 
falling on my laptop carries about 25 W, about 
half of what is needed. 

By wireless communications standards, on 
the other hand, sunlight is very bright. typical 
WiFi station radiates only ~100 mW,a fraction 
‘of 1% of the wattage needed to power my lap- 
top. This has two consequences: (i) If wireless 
power were simply sprayed out for anyone to 
collect as if it were sunlight, evensa short-range 
Power source would have a prodigious power 


Wireless power transmission may allow 
‘computers, cell phones, and other devices to 
be completely free of the need to plug into a 
wall socket. 


‘consumption. (ii) Such a source might repre 
sent a havaird to health (a much more reason- 
able worry than current concerns over WiFi), 
Getting around these issues is tricky. There 
have been a number of moderately successful 
efforts to make working systems (2). mostly 
based on near-contact (i. centimeter-range) 
power transfer, These use the sort of magnetic 
1d induction found in a transformer or an 
induction motor, both of which rely on a non- 
radiating “evanescent” field that reduces the 
power lost to radiation, But the power transfer 
falls off very steeply and the range is very 
short, The result is a powered pad on which 
suitably enabled device can be placed to 
‘charge—wireless indeed, but not very mobi 
Kurs er af. work around this by ma 
both the “sender” and the “receiver” of elec- 
trical power operate at the same moderate 
radio frequency, With carefully chosen 
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a) 


Going cordless. (LefD A conventional radio transmitter, such asin a WiFilink, emits waves that weaken rapidly with distance. (Right) Kurs etal, have devised a sys- 
tem for transmitting poner where the energy flow is much more directed, which produces higher efficiency. 


parameters, the two coils form a single cou- 
pled resonant structure and behave as though 
“tunnel” was opened between them that can 
carry substantial power over ranges of several 
meters (see the figure). 

The decay in the coupling between the 
source and receiver with increasing source- 
receiver separation is still quite steep relative 
to sunlightstyle radiative transfer, However, 
this no longer translates directly into a decay 
of power transfer efficieney, because untrans- 
ferred power remains trapped around the 
source and all the power could still be trans- 
ferred with ideal components, This technique 
cannot in reality extend the range indefi- 
nitely—for example, the power trapped 
around the source will tend to rise unaecept- 
ably, and imperfect real components. will 
cause losses—but it does help a lot (compare 
figures 2 and 4 in Kurs et al, 

‘And there isanother likely benefit from the 
use of these resonances, as suggested by 
Pendry (3), which addresses the possible 
health concern. Unlike # freely propagating 
electrom: as sunlight), 
where the electric and magnetic components 
are always of similar intensity on average, 
these resonances are overwhelmingly mag. 
netic in character, This could be extremely 
helpful in reducing the hazard to health, 
because most ordinary materials (including 
people) interact far more strongly with the 
electric than with the magnetic component of 
an electromagnetic wave, so the absorbed 
power can be much less fora given amount of 
power transferred. This helps efficiency but, 
far more important, it reduces the microwave 
oven-style heating within brain tissue that 
defines the known hazard limits for all radio- 
frequency devices such as mobile phones. 

been proven by stan- 
looks very promising. 

the system now works and trans- 
fers useful 60 W of power overan impressive 
2m, there are still some important issues that 
need addressing. For example, ofthe 60 W of 
power transferred ~3 W currently ends up as 
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‘unintended radio radiation. This may not seem 
‘much as a proportion of the power transferred, 
but it is still a lot of radio power; a cellular 
hhandset, for example, is limited to much less 
than this. But as Kurs et al. point out, this can 
be reduced by improving the components and 
the design to keep the external fields more 
purely magnetic, possibly enabling further 
reduction of health hazards. And interference 
effects may prove manageable: we note, for 
‘example, that interference caused by unin- 
tended leakage from high-speed radio-fre- 
quency Internet transmission lines has been 
Jess of an issue than was once feared. There 
may still be issues with loss of power and 
induced radiation caused by metal and other 
objects that happen to be lying around within 


the field, although the preliminary experi- 
‘ments here look promising and the resonant 
nature of the transfer should help, And 
improvements, particularly in nonemissive 
displays (4), may mean that portable device 
power requirements may begin to fall, So we 
‘are not wire-five yet, but revolution is inthe ir, 
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RETROSPECTIVE 


Robert W. Cahn (1924-2007) and 
David Turnbull (1915-2007) 


Roger Doherty 


inty years ago, the precursor disci- 
Si to materials science—metal- 
lurgy—was largely empirical, neces- 
sarily so given its engineering importance 
and complexity. However, by the late 1940s, 
the field was about to be transformed. 
Robert W. Cahn and David Turnbull, who 
both died in April of this year, played vital 
roles in the development of this new science. 
‘The two men came from remarkably dif- 
ferent backgrounds. Cahn was born into a 
prosperous and artistic Jewish family in 
Firth, Germany, on 9 September 1924. The 


The author is inthe Deparment of Materials Engineering, 
‘Drexel University, Philadelphia, PA 19204, USA. E-mail: 
ddohertnigodrereLedu 


in remembrance of two major figures in the development of modern materials science, 


family fled Nazi Germany in 1933, and in 
1942, Robert entered Cambridge Universi 
(J). Turnbull was born on 18 February 1915 
on a family farm in Elmira, Ulinois. # 
family rarely ventured more than a few 
miles from their farm (2). He graduated 
from high school in 1932 at the height of 
the Depression, but was able to attend 
Monmouth College, which was governed by 
the Presbyterian sect to which his family 
belonged. Here he became interested in 
physical chemistry and went on toa schola 
ship and a Ph.D. at the University of Illino 
in 1939, 

Cahn’s major contributions to the new 
science of physical metallurgy started dur- 
ing his graduate research, where his experi- 
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ments demonstrated the reality of disloca- 
tions (line defects whose movement under 
stress allows metals to deform plastically), 
Dislocations had been proposed to explain 
the discrepancy between the very high 
predicted resistance to plasticity of perfect 
metal crystals, compared to the much 
smaller measured values of actual pure 
metal erystals, In pure metal erystals, dislo- 
cations can move under the influence of very 
small shear stresses. Metal processing tech- 
niques had always used solute atoms, second 
phases, and other obstacles (which impede 
the movement of dislocations) to improve 
the metals" resistance to plastic deformation 
and to control brittle fracture, Until the 
advent of dislocation theory, however, the 
question of what controls the properties of 
metal alloys such as steel could not be 
addressed scientifically 

From his graduate student 
work, Cahn also proposed a 
successful model for the 
ation of new eryst 
during recrystallization, a soft- 
ening process that occurs when 
heavily deformed metals are 
heated, allowing them to be 
reshaped into new objects. In 
his model, the dislocations 
introduced by previous defor- 
mation rearranged to create 
small regions of dislocation- 
free crystals that ean grow to 
become new grains. This model 
provided the basis of almost all 
subsequent research into this 
important industrial process, 
\which is used to control the size 
andorientation o 
loys to improve their strength and ability 
to be shaped, for example, in automobile 
bodies made from pressed steel sheets 

Turnbull made one of the major discover- 
ies in materials science after joining the GE 
research laboratory in 1946. His elegant 
investigations into the nucleation of struc 
transformations (initially the soli 
cation of liquid metals) showed that such 
complex processes could be quantitatively 
understood. The theory for this type of 
process had been developed a decade or so 
earlier by physical chemists studying erys- 
tallization from supersaturated liquid solu- 
tions. The initial formation of a crystal—for 
example, of salt fom an aqueous salt solu- 
tion—was known to require highly supersa- 
tured conditions, because the first small 
ystal to form, being chemically different 
from water solution, has a large interfacial 
energy. Yet, ingots of metals needed only a 
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Robert W. Cahn 


y small supercooling (a temperature 
below the melting temperature) to start to 
form solid metal crystals. The understand- 
ing was that the interfacial free energy 
between a metal crystal and its melt must 
therefore be small. 

Turnbull carried out experiments on the 
freezing of a low-melting-point metal, gal- 
lium, and found that the small supercoolings 
usually seen resulted from particles of dirt, 
more politely called “heterogeneous cata- 
lysts.” By breaking up the liquid gallium 
into small droplets, so that there were more 
droplets than there were pieces of dirt, he 
achieved the very large supercoolings char 
istic of what is called “homogeneous” 
nucleation. His result indicated a large 
interfacial energy between crystalline and 
liquid gallium. In the early 18th century, 


David Turnbull 


Fahrenheit had reported similar observa- 
tions for the freezing of water. Turnbull was 
now able to explain what was happening and 
show its universal application. 

To show that this principle also applied 
to metals with simple crystal structures, 
h as iron of copper. Turnbull. together 
with R. E. Cech, developed a simple experi- 
mental means of studying the phenomenon, 
By heating small droplets of high-melting- 
point metals. suchas copper, on an inert sub- 
strate and then cooling them below their 
melting temperatures, they demonstrated 
ange undercoolin 
Through these experiments and theoret- 
ts, the previously empirical study 
tal solidification had acquired a clear 
ic foundation. Turnbull and his col- 
leagues at GE went on to develop the sci 
tifie discipline of metal-alloy processin; 
Ina particularly important later study, 
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and I. S. Servi (3) demonstrated the validity 
of homogeneous nucleation theory for a 
solid-solid transformation: the nucleation 
of coherent cobalt particles from dilute 
solid solutions of cobalt in copper. Solid- 
state nucleation processes form the basis 
of the technologically vital process of 
strengthening metallic alloys by precipita- 
tion hardenin 

Both of these pioneers made many other 
vital contributions, Cahn studied the erys- 
tallography of uranium, mechanical twin- 
ning, and ordered intermetallic alloys. Turn- 
bull made important contributions to solid- 
state diffusion and the structure of liquids, 
Both scientists also studied metallic glasses 
(metallic alloys that can be cooled to form 
rigid nonerystalline solids), Their research 
was instrumental in the development of 
today’s approach to materi- 
als science, in which the 
structure of materials is 
modified to produce new 
and improved properties- 
such as higher strengths 
or improved electrical and 
magnetic properties —need- 
ed for applications ranging 
from aircraft engines to in- 
formation-storage devices. 

Cahn was a successful 
academic at several uni- 
versities in the United 
Kingdom and in France, 
as was Turnbull at Harvard 
after he left GE in 1962. 
Cahn also made great con- 
tributions to. publishi 
particularly the eneyclo- 
pedictome Physical Meral- 
Jurgy that he co-edited with Peter Haasen. 
Turnbull, in his research and teaching, was 
always a materials scientist curious about 
any material with interesting structural 
problems, independent of its chemical 
bonding. Sadly, Turnbull never translated 
his lecture notes on structural transforma- 
tions into a textbook. Those of us who have 
written such textbooks are free of a major 
competitor, but his textbook would have 
been a contribution that we regret not hav- 
ing available to us. 
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Stability and Diversity of Ecosystems 


Anthony R. Ives" and Stephen R. Carpenter” 


Understanding the relationship between diversity and stability requires a knowledge of how species 
interact with each other and how each is affected by the environment. The relationship is also 
complex, because the concept of stability is multifaceted; different types of stability describing 
different properties of ecosystems lead to multiple diversity-stability relationships. A growing 
number of empirical studies demonstrate positive diversity-stability relationships. These studies, 
however, have emphasized only a few types of stability, and they rarely uncover the mechanisms 
responsible for stability. Because anthropogenic changes often affect stability and diversity 
simultaneously, diversity-stability relationships cannot be understood outside the context of the 
environmental drivers affecting both. This shifts attention away from diversity-stability 
relationships toward the multiple factors, including diversity, that dictate the stability 


of ecosystems, 


bility has a rich history in ecology, 
GS ise sc ae 
wumerous features of ecosystems afloet 
stability including diversity (number of species) 
the strength of interactions among species, the 
topology of food webs, and the sensitivities of 
species to different types of environmental per 
turbations, Empirical studies have generally 
focused more specifically on diversity, particu 
larly in the past 1S years, This is because diver- 
sity is easier 10 measure and manipulate than 
‘other features of natural ecosystems, and because 
such research is relevant to the debate about the 
\workiwide loss of biodiversity (2). 
Historically, the relationship between di- 
Versity and stability has been contentious. 
Different theoretical results contradicted each 
‘other, empirical results were inconsistent, anid 
theoreticians andl empiticists often disagreed 
Although the storm has begun to subside, we 
fear that ecologists risk becoming complacent 
about the diversity-stability debate, Are we 
asking the right questions about diversity and 
stability? Are we asking them in the right 
way? Our goal here is not so much to answer 
these questions as to show that they still need 
to be asked, 


Concepts of Stability 

A finndamental problem in this context is. that 
stability can have many different definitions 
(3-5), and cach definition gives a different 
ersity-stability relationship, Different theoret- 
concepts of stability apply, depending on the 
type of inherent dynamics exhibited by a system 
and the type of perturbation the system expe- 
riences. Here, we give an overview of some types 
‘of stability (6). We focus on concepts of stability 
that involve some integrated measure of the 
ecosystem, such as the summed density of 
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all species, rather than species-level_ measures: 
these are not generally independent, but neither 
are they completely inseparable (7), 

Systems may have alternative stable states 
(Fig. 1), in which the final densities of species, 
‘or even the persistence of species, depend on 
their initial densities (8-10), For example, 
Schefler et al, (11) showed that shallow Dutch 
lakes can occur in either a clear-water state dom 
inated by green algae or a turbid-water state 
dominated by blue-green algae: once blve-zre 
algae get established, they shade and thereby 
repel green algac, creating a self-perpetuating 
stable state. For systems with alternative stable 
states, one concept of stability depends on the 
umber of alternative stable states: More stable 
systems are those with fewer stable states 
Another concept of stability, Holling’ resilience 
(9), describes the case with which systems can 
switch between altemative stable states, with 
more stable systems having higher barriers 10 
switching. 

Owing to interactions among specie: 
systems might fluctuate even in the absence of 
environmental perturbations (Fig. 1B). The 
sulting population dynamics are governed by 
tiractors” that can themselves be stable and 
hence regular (periodic), or can be unstable 
(chaotic) (/2, 13), The most familiar nonpoint 
attractor is a predator-prey stable limit eyel 
‘which the strong interactions between prey and 
‘predator generate perpetually oscillating densities 
(4), One measure ofthe stability of systems with 

onpoint attractors is whether the attractor is 
chaotic. Another concept of stability that applies 
to either chaotic or nonchaotic systems depends 
‘onthe amplitude of fluctuations, with more stable 
systems having lower-amplitude Nuctustions of 
some aggregate measure of the system. 

If the system has a single, stable equilibrium 
point, species densities will not Muctuate in 
the absence of environmental perturbations. 
Nonetheless. environmental perturbations may 
‘occur in the form of pulses or shocks that change 
species densities (Fig. 1C). If these pulse 


perturbations occur rarely, stability can be 
measured by the rate at which the system returns 
to equilibrium (15). If shocks occur frequently 
and stochastically, the impact of these shocks 
depends on community resistance (3), which ean 
bbe measured by the variability in the change in 
‘combined densities, from ane time point to the 
next, caused by repeated shocks, These two 
concepts of stability—the rate of retum to 
‘quilibrium, and the change in combined den- 
sities in response 1 repeated shocks— together 
determine a thind measure of stability: the overall 
system variability, For example, a more resistant 
system is knocked less by environmental shocks 
and rapid retum rates pull the system more 
quickly toward its equilibrium, both of which 
Jead to lower overall community variability (76), 

In addition to shocks, environmental pertur= 
bations may also cause permanent, “press” 
‘changes in demographic characteristics of species 
(17), such as decreasing intrinsic rates of ine 
crease, For example, Frost et al, (/8) divided a 
Jake with an impermeable membrane and then 
acidified one half, showing how the direct eflee 
‘of acidification on planktonic species, and the 
interactions among them, changed the structure 
‘of the community, Press perturbations: may 
change not only the equilibrium (/9) but also, 
when severe enough, the dynamics around 
<quilibrium (20) (Fig. 1D). A more stable system 
might be one whose combined species densities 
at equilibrium change more slowly when 
subjected 10 a press perturbation, one that ean 
sustain greater press perturbations before the 
dynamics undergo a qualitative change (cit. 
‘one species goes extinct, oF a point equilibrium 
bifureates into a eyelic attractor) 

Perturbations might also include the extine- 
tion of species (Fig. 1) oF the invasion of new 
species (Fig. 1F), When an extinction occurs, 
stability could be measured by the number of 
‘other species that go secondarily extinct, oF by 
the compensatory change in combined densities 
fof all species (27-23), When invasions occur, 
stability could be measured as the chance that an 
invader is successfil, oF the number of secondary 
is successful (24), 

This collection of stability concepts sets an 
empirical challenge. Before designing an empit= 
ical study, itis necessary to know enough about 
the dynamics of an ecosystem and the environ- 
mental perturbations that impinge upon it to 
select appropriate definitions of stability: there 
will often be several appropriate definitions. 
‘These concepts also identify key features—we 
will refer to them as mechanisms —that together 
dictate stability. These mechanisms involve the 
strength of interactions among species, the mode 
in which species interact (Whether they are 
competitors, predators, mutualists, etc.) that gives 
the food-web topology, and the ways in which 
species experience different types of environ- 
‘mental perturbations. Because both species inter- 
actions and environmental perturbations. can 


extinctions it causes i 
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rive fictuations in species den- 
sities, these must be sorted out 
and quantified to understand their 
mechanistic roles in diversity 
stability relationships, 


Review of Empirical Studies 
We performed a survey of $2 
studies giving 64 di 
ty relationships (table SL); 48 of 
the $2 were published since 1990, 
reflecting the burgeoning interest 
in empirical tests of such relation- 
ships. OF the $2 studies, 37 di- 
rectly manipulated diversity; the 
remaining 15 cither used indirect 
rnunipulations of diversity: or in- 
tentionally selected systems that 
slitlered in diversity. The most com- 
mon definitions of stability were 
invasibility, variability, resistance, 
and retm rates, making up 59 0 

64 relationships: of these 


ships in 41 cases (69%) and neg 
ative relationships in only 8 eases 
(14%), with no oF 
ta 
(table $2), Positive relationships 
\Were most commonly reported for 
studies on the success oF invasive 
(85%). OF the 18 studies 
suring comm 
72% showed positive relation- 
ships, consistent with the "onsen 
sus” View that greater diversity hes 
to ess variable communities (25), 
fneteless, empirical studies have 
focused on only a subset of possible 
dtinitions oF stability: more than 


Fig. 1. Different types of stability, depending on the inherent dynamics of a system and the type of perturbation it 
: experiences. (A) Altemative stable states, in which the initial densities of four species determine which species persist; 
half of the commonly used theoret- Bais of alternatively persisting or nonpersisting species are shown with solid and dashed lines, respectively. (B) Nonpoint 
ical definitions have not been inves- equilibria, illustrated by a stable and a chaotic attractor. (C) Pulse perturbations to systems with a stable equ 1 The 
tigated experimentally wo detensisne oft panel shows the dynamics ofa two-species system ater a single pulse perturbation, with species densities shown by 
the tole of diversity (lable $2). light and dashed tines, and combined densities shown by the heavy line. The right panel gives the same system with 
‘A striking feature of the studies repeated (stochastic) pulse perturbations. (D) Press perturbations to systems witha stable equilibrium, The arrows trace the 
{is how heterogencous they are. equilibrium densities of species i and j in a sixspecies ecosystem as the environment degrades (intrinsic rates of increase 
Thirty-three studies investigated decline for al species). In the left panel, the equilibrium point collides withthe unstable point at which species j goes 
_2rassland orherhaccous plant com- extinct; inthe right panel, the equilbrium point bifurcates into a stable nonpoint attractor. (E) Response of ecosystems to 
munities, 9 investiyatel microbial extinctions ofthe most common species (extinction marked by arroa). In the left panel, no other species went extinct; in 
‘communities and 10 investigated the right panel, three additional species went extinc. (F) Response of ecosystems to invasion (invasion marked by arrow. 
‘other types of ecosystems. Forty. Inthe left panel, the invading species persisted with the origina six species; in the right panel, five of the original species, 
‘one studics included measurements Went extinct. See fig. S2 for detaits. 
‘on only a single trophic leve: the 


romainder measured multiple trophic levels or 
inchided measurements that integrated over three 
‘or more trophic levels, such as microbial studies 
measuring CO. production. With this heteroge- 
neous mix, it would be incautious to perform a 
meta-analysis 10 try to derive broad conclusions 
about diversity-stability relationships. 

Another striking feature of the studies is how 
few rigorously investigate the mechanisms 
tions, lood-web topology 
of species to environmental 
underlying reported diversity 


perturbations 


wwnw.sciencemag.or 


stability relationships. Exceptions are some 
studies on invasibility, For example, Stachowiez 
ef al. (26) showed that more-diverse intertidal 
communities leave less rocky surface exposed, 
thereby inhibiting invasive species, and Dukes 
(27) obtained a similar result for grassland 
‘communities: these studies thus show the role 
‘of species interactions in determining invasibility 
Understanding the mechanisms underlying other 
ypes of stability is more difficult, especially 

..retum 


those involving population dynamics ( 
rates and community variability). However ifthe 


SCIENCE VOL317 6 JULY 2007 


mechanisms underlying diversity-stability 
tionships are not identified, itis unclear whether 


an observed diversity-stability relationship can be 
eeneralized 10 a 


other system. 
nz of such mechanisms 
ly tying data to theoreti 
models, Although all empirical studies. quali 
tively compare their results to theory. 100 offen 
mismatches between experiment and theory 
made it impossible for us to assess the expe 
iments in the context of theoretical predictions 
(ig. SL). If we wish to assess empirical results in 
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the light of theory itis not sufficient for theory to 
comrectly whether the diversty-stability 
c or negative: models could 
izive the right prediction for the wrong reasons. 
Instead, theoretical models must be judged by 
their ability to capture the entire dynamics of the 
system, For example, for a study 
focusing on stability measured by community 
Variability, the test ofthe model ists ability to fit 
the dynamics of al species in the community ina 
statistically 
fiting requires the explicit identification and 
‘quantification of species interactions, as well as 
the response of individual species to environ 
mental perturbations (/6, 20). 

We know of no study on diversity and sta- 
bility that explicitly fits a mechanistic model to 
data, But if we drop the requirement that the 
study focus on diversity, there are numerous 
studies on stability that fit models wo data. For 
example, Wootton (28) tested the ability of 
Markov chain model to predict the consequences 
‘of species extinctions on the densities of species 
remaining in intertidal communities; the success 
‘ofthis model relied om its ability w quantify the 
key interactions among species. As another 
‘example, Klug etal. (29) measured the responses 
of freshwater plankton t pulsed and. press 
decreases in pH, determining both the sensitivity 
‘of species to the perturbation and how speciex- 
species interactions propagated the perturbation 
though the food web. Although these studies do 
not reveal the role of diversity they suggest how 
the systems might change if different species 
were lost 


Review of Theory 

There is a vast theoretical literature that is rel 
‘evant to the relationship between diversity and 
stability (6). To order this literature, we used a 
mple model (Fig. 2). The use of asi 
yhasizes that the same system n 
ability relationships 


also shows that the same mechanisms can lead to 
different diversity-stability relationships. Our 
model considers only competitive interactions 


{one trophic level), although a version with two 
trophic levels (fig. S2) gives many similar re- 
lationships. Although this exercise is exactly the 
type of theory that is not usefil for understanding 
real data from real systents, it is nonetheless 
Valuable 10 ho tuition and catalog. nu- 
merous possible diversity stability relationships 
OF 13 diversty-stabiity relationships that we 
computed for 13 definitions of stability, four 
\were positive, six negative, and three nearly zero 
(Fig. 2, A to F). Furthermore, species-rich sys- 
\were more likely to show a greater range of 
the prevalence 
of systems with ahiemative stable states. and 
nonpoint attractors increased with diversity 
(Fig. 2G), The patterns exhibited by the simple 
model are generally consistent with the broader 
theoretical literature (6). although some diversity 
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Fig. 2. Stability of randomly con- 
structed competitive communities 
versus diversity n, portrayed so that 
positive diversity-stability relation- 
ships have positive slopes, (A) For 
systems with alternative stable states, 
the average number of stable states 
and Holling’ restience, measured by 
the rate at which population densities 
are repelled from the unstable sta- 
tionary point between stable states. 
(B) For systems with nonpoint attrac- 
tors, the prevalence of cyclic (white 
region) versus chaotic (orange region) 
attractors, and the amplitude of 
fluctuations in combined species 
densities, measured by the minimum 
divided by the maximum density 
(dashed line). (©) For systems with 
stable equilibria, the characteristic 
Tetum rate, UVpig, 3nd UCVeem, 
Where Vie is the coefficient of 
variation in the change in abundance 
between samples, and CViom is the 
Coefficient of variation of the commu- 
nity density through time. (D) The 
change in mean combined densities, 
AK (with 95% inclusion bounds given 
by the orange region), when all species 
experience a press perturbation that 
decreases intrinsic rates of increase. 
‘Mer measures the magnitude of the 
press perturbation before the stable 
equilibrium bifurcates, creating either 
a gyclic nonpoint attractor or an 
attractor with one species extinct (E) 
For systems with a stable equilibrium, 
the numbers of secondary (2) extine- 
tions caused by removing the most 
‘common species, and compensation 
(calculated as the increase in com- 
bined abundances of surviving spe- 
cies immediately after extinction 
relative to the abundance of the 
species that went extincd (F) For 
systems with a stable equilibrium, 
the number of attempts before an 
introduced species. successfully in- 
‘vaded, and the numbers of secondary 
extinctions caused by the invader, (G) 
For randomly constructed commu- 
nities, prevalence of stable points, 
alternative stable states, and nonsta- 
tionary attractors. The dashed line 
gives the proportion of randomly 
constricted communities that. were 
feasible (ie, had an equilibrium 
point with positive densities of all 
Species), which is a requirement for 
the three types of dynamics, For each 
level of diversity n, 10,000 random 
communities were constructed. See 
fig, $2 for details. 


stability relationships have not received sufficient 
attention to make general theoretical predictions 
With any confidence (table $2). Also, we caution 
that these pattems represent the averazes of 
10,000 randomly constructed communities: for 
any given model community, the diversity 
stability pattem might differ (e., Fig. 2D) 

Despite this picture of complexity, there are 
‘some generalities. For definitions of stability in- 
volving dynamics, speciesspecies interactions 
(competition) tend to ereate negative diversity- 
stability relationships. Specifically, species 
species interactions underlie the existence of 
altemative stable states (Fig. 2A) and nonpoint 
attractors (Fig, 2B), Similarly, species-species 
interactions cause the decrease in retum rates 
reasing diversity (Fig. 2C), Conversely, 
speciesenvironment interactions underlie the 

-stability relationship. for 
UCVeaia? When species respond dif. 
ferently to environmental variation, the variation 
in their combined, ecosystem-level response 
decreases with increasing diversity n, because 
the decreases in abundance of some species are 
counterbalanced by increases in others, In the 
parameterization ofthe model used for Fig. 2, the 
effect of species-environment interactions to 
nerease community resistance domi 
Cf species-species interactions to deere 
rates, causing postive diversty-stabi 
tionship when stability is measured in terms of 
Variability, HCVgay Nonetheless, the destabiliz- 
ing effect of species-species interactions is seen 
inthe decrease in 1/CVegq lative 10 UCVpex 
in the absence of competition, these two mea 
sures would be the same, 

Rather than generalities, the model more 
successfully reveals complications. For example, 
‘wo measures of stability in response to the same 
perturbation can show oppusite diversty-stability 
relationships. This is scen for perturbations 
‘caused by extinctions: Afier extinctions, species 
rich communities are-more likely to suffer 
sceondary extinctions (negative diversity-stability 
relationship) yet also show greater compensation 
{positive relationship). In the model, compensa- 
tion is s0 strong that despite secondary extine- 
tions, combined species abundances on average 
increase when the most common species goes 
cestnet from ecosystems with 12 species. Sim- 
ilarly, species-rich communities are move fikely to 
repel invaders (positive diversity-stabilty rekt- 
tionship), yet iF the invader is successful it is 
likely to cause more secondary extinctions 
(negative relationship). 

‘As another complication, the same mecha- 
nism can have different effects. For example, 
competition generally destabilizes dynamics, in- 
creasing te likelihood of altemative stable states, 
and nonpoint attractors, and decreasing retum 
rates fo a stable equilibrium point. Nonetheless, 
{for definitions of stability not involving dynam- 
ies, competition is not destabilizing. For press 
perturbations (Fig, 2D), the average decrease in 
abundance i 0.5, the same as would oceur if 
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there were no competition. For compensation 
affer extinctions, competition is stabilizing, be- 
‘cause in the absence of competition, no compen- 
sation woul aecur In these examples, competition 
is destabilizing, neutral, and stabilizing, espective- 
ly. These complications underscore the need 10 
Understand the mechanisms underlying diversity- 
stability relationships, 

Finally, we retum to the empirical studies 
and compare them with the broad theoretical 
paticms. OF the four types of stability most 
heavily represented (59 of 64 relationships), two 
invasibility and resistance) generally give 
theoretical diversty-stability relationships that 
are positive, and a third (variability) will give a 
positive relationship when the effect of diversity 
‘on resistance is large; together, these make up 50 
‘of 64 relationships. This suggests that the pre- 
ponderance of empirical studies showing. posi- 
tive relationships (43 of 64, table S2) do so 
‘because they use definitions of stability that are 
likely to show positive relationships. Nonetheless, 
theory generally predicts negative diversity: 
stability relationships for stability measured as 
retum rates, yet eight ofthe nine empirical studies 
that used this measure reported a positive oF no 
relationship (table the frequemt mis 
matches between empirical studies and theory, 
we think itis difficult to draw any strong concli- 
sions trom the empirical studies. This reempha- 
sizes the need to statistically fit models to data, 


Which Diversity-Stability Relationships? 
With the many definitions of stability, we must 
ask which definitions are most relevant for 
applied problems surrounding the loss of bio- 
diversity. The pressing questions of applicd 
ecology involve human drivers, including cli- 
mate change. nutrient input, toxins, invasive 
species, overexploitation of biological resources, 
and fund use change (30). These drivers may 
interact; for example, climate change and species 
interactions have altered fire regimes in Alaskan 
‘boreal forest, thereby altering the dynamics of the 
spatial mosaic of land cover (3/). Furthermore, 
many changes are occurring at broad spatial 
seals across a landscape that is increasingly 
divided into small, retatively homogencous frag- 
ments greatly diflerent from the former, contig- 
‘uous whole (30), 

All of the definitions of stability we have 
described are relevant to at least several applica 
problems (able $3), Nonethcless, stability in the 
face of press perturbations is offen central, be- 
cause many human drivers change hydrology, 
biogeochemical inputs, or habitat characteristics 
that alter population growth rates, biotic inter- 
actions, biomass proxhuction, and numerous other 
[processes that affect how an ecosystem functions. 
‘Some of these press perturbations will lead to 
ccological surprises as a result of unexpectedly 
extensive or imeversible changes im some pro- 
cesses or in ecosystem structure (32). The Mil- 
lennium Ecosystem Assessment (30) conchided 
tnt “there is established but incomplete evidence 


REVI 


that changes being made in ecosystems sare in 
creasing the likelihood of nonlinear changes 


p.U). 

Increasing the relevance of empirical stulies 
for applied problems argues for increasing the 
range of definitions of stability, It also highlights 
the interactions among, multiple factors affecting 
stability. In much ofthe literature on diversity and 
stability, diversity is treated as an independent 
‘Variable, with experiments designed to test forthe 
effects of diversity “per so" by selecting species 
randomly fiom a species pool. However, diver- 
sity is unlikely to change in isolation from other 
and in fet 


davers affecting coosystem stabil 
these other drivers will likely be the main causes 
of loss of diversity. For example, land use change 
has a dincet eflect on ecosystem production, 
respiration, and carbon storage but also changes 
the diversity of plants and consumers, leading t0 


further changes in carbon budgets (33), Thus, 
diversity is not a primary driver, but it might be a 
secondary driver, A key consideration is that if 
anthropogenic change decreases diversity, it will 
likely do so ina nonrandom way, as specific 
species are encouraged or eliminated by human 
action, In this cae, the effects of loss of diversity 
cannot be disentangled from the effects of 
hanging species composition (34), making the 
secondary effect of diversity on production 
‘understandable only in the contest of the primary 
driver changing the ecosystem. 


Recommendations 

‘The relationship between diversity and stability 
has interested ecologists since the inception of 
the discipline (35), and the absence of ares 
‘olution reflects the complesity of the problem, 
Much of the complexity derives. from the 
muttipticity of diversity-stability. relationships, 
depending on the definitions of diversity and 
ability and on the context in which 
system is perturbed. We cannot ex 
conclusion about the diversity-stability relation- 
ship, and simply increasing the number of sudies 
con different ecosystems will not generate one: 

Rather than search for generalities in pattems 
of diversity-stability relationships, we recommend 
investigating mechanisms. A given diversity- 
stability relationship may be driven by multiple 
mechanisms, and the same mechanisms. may 
evoke different diversity-stability relationships 
depending on the definitions of diversity and sta- 
bility, We nood more studies revealing exactly 
‘what these mechanisms are. This requires models 
joined 10 empirical studies that ean reproduce, in a 
Satistically robust way. not only a diversity- 
ability relationship but alo the dynamics ex- 
hibited by a system. 

‘Several definitions of stability —in particular, 
stability against press. perturbations—have 
received relatively little attention. Nonetheless, 
these definitions of stability an: key to under- 
standing emerging global challenges. Diversity is 
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INTRODUCTION 


MANY VOICES, ONE MESSAGE 


KATRIN SCHAFER AND YUN YING WILL PROBABLY NEVER CROSS PATHS. BUT IF 
the 48-year-old biological anthropologist at the University of Vienna, Austria, 
and the 82-year-old physics educator at Southeast University in Nanjing, China, 


chanced to meet at a conference on global undergraduate education in the 
STEM (science, technology, engineering, and mathematics) fields, they might 
recognize each other as kindred spirits. 


Both Schiifer and Yun are convinced that their students—native speakers of 
German and Chinese, respectively —need to possess a solid grasp of English to 
succeed as scientists or even lay claim to being scientifically literate citizens 
of the world. The hegemony of English is just one of many forces shaping 
ndergraduate STEM education, This special issue looks atthe topic by focusing 
on the lives of Schafer, Yun, and 10 other faculty members in a dozen countries 
‘on six continents. The group is meant to be representative of scientists t 
large numbers of undergraduates around the world. The list is skewed tow 
‘most industrialized countries but also includes those in which the si 
infrastructure is developing rapidly. An accompanying map presents some by 
information about higher education in each country 

Despite the vast differences in the makeup of their students, the policies that 
govern higher education, and the cultural and economic factors that shape the 
profession, these scientists speak in surprisingly similar voices. In story after 
story, they point to lagging interest and poor preparation in science among 
students, insufficient resources, heavy professional burdens, and antiscience 
attitudes in society at large. Yet there are patches of light among those dark 
clouds. Each faculty member has managed to bring science to life for students in 
exciting and innovative ways. They are also engaged in myriad activities outside 
the classroom—from informal science educa 
aimed at spreading knowledge and the values of scientific thinking. 

For an additional perspective, Science invited three distinguished educators 
to explore the issues facing undergraduate STEM education. Excerpts of thei 
comments appear in this issue: the complete discussion is available at 
www.sciencemag.org/sciext/undengrad_education07. This issue also marks 
the debut of the Signal Transduction Knowledge Environment Journal Club. 
as well as three Teaching Resour 

We hope that you'll ind the entire package compelling enough to alter your 
own worldview of undergraduate education. If it does, please let us know at 
{www.sciencemag org/sciext/eletters 


JEFFREY MERVIS 
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Quantity and Quality” 


UNITED STATES "This is the 
Front Line... Where | Can Really 
Make a Difference’ 

UNITED KINGDOM ‘Much of What We 
Were Doing Didn't Work’ 
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the World 
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Between Teaching and Research’ 
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Keeping Score 


HIGHER EDUCATION IS A VAST AND COMPLEX ENTERPRISE 
in the industrial world and a rapidly growing sector for 
many developing countries. Although many groups try to 
keep tabs on that enterprise, data tend to be spotty and not 
always comparable. That's even more the case for statistics 
felating to STEM (science, technology, engineering, and 
mathematics) education. 

Still, itis possible to quantify some aspects of the system. 
These pages offer basic information on five important 
components of STEM education, with material supplied by 
national governments and international bodies such as the 
Organisation for Economic Co-operation and Development. 
The data highlight the considerable challenges facing 
reformers in countries with large populations and those 
with small fractions of the student population entering / 


‘STEM fields, ) 
South | i 1) united [| 

China Korea Japan Australia States Brazil 

Population Population Population Population Population 
131 billion 483 million » 1277 million > 204nillion > 189 milion 

Undergraduate Undergraduate Undergraduate Undergraduate Undergraduate Undergraduate 
degree-granting degree-granting degree-granting degree-granting dopen preg demrenoreting 
institutions ‘nsttutions insbtutions insuuutions institutions institutions 
"m1 » 2 > “ 200 28 
18-to22-year-olds 1-t021-year-lds 18-to2tyearolds 18-1024-year-olds 18- to 24-year-old 18-to2tyear-olds 


pursuing postsecondary | pursuingpostsecondary | pursuingpostsecondary | pursuing postsecondary | pursumgpestzecondary | pursing pestoeeondan 
Sogreosy 21% agrees» W2.% Sogrecs «73% Gogrees 187% Sogrees” 6s | degrees N12 
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University of 
Melbourne 


AUSTRALIA 


‘A Crisis in Student 
Quantity and Quality’ 


Kath Handasyde enlists native species, assertive Americans, and anything 
else on hand to rekindle a passion for science among undergrads 


MELBOURNE, AUSTRALIA—Tromping down 
aan academic hallway with her flyaway shock 
of reddish-gold hair and a thin braid shooting 
out from behind one ear, Kath Handasyde 
looks like she’s just wandered in from the 
Australian bush. In fact, she has. But the L 
versity of Melbourne (UM) ecologist, who 
Australia’s endangered native 
particularly the egg-laying duck- 
billed platypus—is already hunting for 
another of Australia’s endangered native 


specializes 
mammals. 


species: undergraduate science majors. 

She finds them clustered around a low 
table in the Zoology Department tearoom 
Devi Stuart-Fox, their instructor, lets the 
undergraduates do the talking. “We're using 
Luppies to measure the evolutionary tradeof 


between behaviors for attracting mates versus 
predators, 
student. The 


he project 
\ill result in a peer-reviewed publication, 
Back in her office, Handasyde, a compact. 
48-year-old, fast-talking ball of energy, raves 
about her students. “Ina good year, up to half 
of the undergraduate projects produce a pub- 
lication,” she says, “and many students even 
publish two papers before they graduate. 
That impressive track record is partly due to 
What Handasyde calls “hands-on, research- 
focused teaching,” including exposing all 
zoology majors o the trialsand tribulations of 
int writing. “It was extremely use 
one of her students, Natalie Briscoe, who sue- 
cessfully persuaded a panel of classmates to 
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fund an imaginary research project—before 

winning & genuine $5500 government award 

fora developmental study of caterpillars, 
But Handas gues worry 


that such hij 


actisis.” says Peter Rathje 


UM dean of sciences, “both in terms of quuan- 
tity and quality of students.” The overall 
tion of Australian undergraduates cho 
science-related fields has held steady 
20%, but growth in specialized applied fields, 
such as information technology, has“masked” 
aasteady decline in the basic sciences, he says. 

That decline has had a corresponding 
effect on the number of faculty positions 
because Australian universities, including 
UM, receive government funding on a per- 
student basis, “We're facing a serious chal- 


lenge.” says Rathjen. Mathematics has tak 
the biggest hit, with a 30% decline in faculty 

ast decade. 
Handasyde 


country over the 

Growing up in a rural are 
decided at age 6 to become 
tries to emulate the “passion and excitemen 
that she experienced 30 yearsago as an under- 
aduate in the same department. “The 
classes were smaller. and staff were less 
loaded with the huge diversity of modern 
tasks that we undertake now.” she says. 

But that happy story doesn’t seem to hold 
true elsewhere. To keep the 
filled, many science departments haveneeded 
to lower entrance requirements, “In effect,” 


slots across tl 


classrooms 
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says Rathjen, “universities are taking in stu- 
dents to study science who do not have the 
preparation, and possibly ability, to complete 
courses of proper rigor.” He says that high 
school students have been allowed to drift 
away from taking challenging courses such as 
calculus, and teachers lack incentives to 


upgrade their knowledge. 

But it isn’t all gloom and doom. One 
positive trend in the undergraduate ranks, 
says Handasyde, is the massive influx of 
‘overseas students in the past 5 years. Most 


come to Australi 


from newly affluent east 
em Asia with their sights set on careers in 
business, biotechnology, engineering, and 
cine. The added ethnic diversity—a 


quarter of Australian undergrads now hail 
from abroad—"really opens the world for 
‘our students.” she says, 


About 6% of the overseas students come 
from the United States, a trend that brings a 
smile to Handasyde’s face, "What we all 


love about the American students is how 


much more assertive they are in the class- 


room than us Aussies,” she says, She avoids 
using the moniker “good-natured loud- 
mouths"—a common term here—but her 
point is clear. “They spark conversations {in 
classes] where teachers ustally struggle to 
get students to interact.” 

At the same time, the increasing diversity 


hasn't corrected a serious underrepresenta- 


tion on campuses of indigenous people. 
Although of Australians 
indigenous, they make up only 1% of the stu- 
dent body. And science is near the bottom of 


Ss many as 5 re 


their list of majors, says lan Anderson, direc- 
tor of UM's Centre for Health and Society 
Poor preparation is one reason, he says, 
along with a lack of indi 
academia, Handasyde agrees. There is no 
y fix, she says, but “what we badly need 
are more success stories 

One piece of good news arrived this 
spring with the announ et 
windfall. The government is setting aside an 
extra $4 billion next year as an endowment, 
with the 


nous leaders in 


ement of a budg 


st going toward university 
upgrades. That will be a boon 
Rathjen, “because our teach- 
are stuck in the 1960s 


nce, says 
ing and lab 


and °70s""The government is also revising its, 
with a sig 
nificant boost for scientific courses, particu 
larly those involving labs, “I can’t believe it’s 
says Rathjen, “but we're 
round to seeing that our 

future depends on our scientists 
JOHN BOHANNON 
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‘This Is the Front Line ... Where 
| Can Really Make a Difference’ 


Lisa Park and her colleagues take on creationism and other antiscientific 
attitudes in the classroom—and in the voting booth 


AKRON, OHIO—Lisa Park’s introductory of Arizona—for her Ph.D. before returning to 
physical geology class at the University of 
Akron fills from the front and the back of the 


room simultaneously, Some students hustle With relatively few of their students aim- 


the area in 1995 to join the faculty of the Uni- 
versity of Akron, 


into the front seats and chat eagerly with 
Park, while others drift into the very last row 
Jeaving empty seats in front of them, 

Whe 
ial exam will cover material from the whole 
m, rather than just the last few weeks, the 
students in the back row aren’t 
happy 
hisses on 


to becom 


her colle: 
“The 
from now, they can process 
global 


scientific literacy wil is that 5 years 


Park announces that the upcoming 
formation on, say 


ina reasonable 


al |= 
- 


This is the hardest class! 
student, blonde ha 


wet but eye makeup firmly University 


place at 9:15 a.m, Her neighbor of Akron 


whose head is down on the desk, 
doesn 

By the end of the hour, howev 
those in the back row have 


bestirred themselves to do a small 


group exercise with giant plastic 


relief maps. The entire class ¢ 


now expla 
where tectonic plates conve 
Score one for scientific literacy 


I've been at a private liberal 


arts school, a big 
and here. This is the fro 
lines," says Park about the Univer- 
sity of Akron, an open-enrollment 
‘0 Ohio 
o replace its lost manu= 


versit The envelope, please. Geologist Lisa Park looks for fossils that 
can serve as paleoclimatic markers when she's not helping to create 


scientifically literate students 


University in a northeast 
city that’s hopin 
facturing 
biotechnol 


way.” says McConnell. Adds Park, “We need 
to educate [students] as citizens. 

Toengag ll 
and others iry to make science relevant with 
“inquiry-based” exercises like the one with the 
relief map. During another of Park's c 
for example, students brought in bottled 
tap water. Sophomore Sarah Rolan, 24, recalls 
that a chemical analysis found that a leadir 
brand of water had a pH of only 4.5. Says 
Park: “You've got to make it relevant or you 
Their eve 
talkabout groundwater. But waterthey person- 
ally drink? They were totally into it” 


base with polymer science and 


A sizable fraction of studes ¢ their students, Park, MeComt 


the university are the first in their families to wo 
to college, and third don't make it beyond, 


the first year, says geology professor David 
‘MeConnell, co-author with Park and others of a 
new introductory earth science textbook. “This 
is their leg up to get somewhere,” says Park, 
“Thisis where I can really make a difference.” 

Park, 41, can identify with them. She grew 
up in a blue-collar suburb of Cleveland, the 
daughter ofa NASA engineer and a teacher. “I 
tell people I couldn’t be elitist even if I tried 
I'm from Parma, Ohio,” says Park. She 
received her B.A. from the nearby College of 
Wooster and headed west—to the 


lose them. 


Jniversity confront mainstream attitudes toward science. 


SCIENCE 


including creationism. In recent years, Park 
has seen a tide of creationism rising both on. 
campus and off. “We teach almost literally 
in the shadow of The Chapel 
pology instructor John Reeves, referrin 
lical megachurch on the edge of the 
University’s urban campus. 


notes anthro 


toan 


Creationist speakers visit the campus 
fairly regularly, sponsored by re 


groups or a “critical thinkers club.” In het 


cology classes, Park explicitly debunks the 
idea that the biblical flood formed the Grand 


e only a 
fy high 
i over it for 


Canyon, Many of her students hav 
sketchy bac 
school biology 


cacher only W 


didn’t want to get into 
major Kacy 


says freshman accountin; 


Grogg. 19. Junior Brandon Behnfeldt, 21, who 
plans to be a biology teacher 
allows that the scientific age 


of Earth is more reliable than 
the biblical one. But when it 
comes to evolution, he says, “l 
hold with intelli rn." 
Ifhe takes 
course, he'll hear an emtire lee= 
ture that skewers intelligent 
design 

Last fall, Park and her col- 
league, 


ark’s paleontology 


nts, 


Stephen Weeks, worked nonstop to elect a 


pro-science candidate to the Ohio Board of 


1 could not stand by and do 
says Park. Shi 
a that were later used to deploy 


Education 
nothing 


volunteers on voting day. “I realized, this is 


paleoecology. I have two species, Democrat 
and Republican, and I'm looking at their 


site distributic 
Such hand work involves tradeoffs, how- 
ever: Park and Weeks each missed a January 
deadline for submitt 
the National Science Foundation (NSF) 
me, fight 
says Weeks 
benefit those who make this kind of move.” 
Park has been funded by NSE, despite a 
Jow success rate in paleobiology. and by 


research proposals to 
“To 


for evolution is part of my job.” 
‘But the system is not set up to 


other sources: 
bya small 
ters students. 


wh to support research, 
oup of undergraduate and mas- 
‘One thing that got me into 


paleontology is just handling the fossils.” 
says Park. Her goal is “to keep that wonder- 
ment, that discovery, alive.” 

To judge by senior Melissa Kindle, Park's 
T want to do what she 


does.” says Kindle, confidently screening 
core samples in the sink. “I want to be a 
paleontologist.” ~EUZABETH CULOTTA 
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LEICESTER, U.K.—Teachi 
ata British university can be a precarious busi 
ness these days, Just ask Derek Raine, a physi 


physical sciences 


cist at the University of Leicester wh 


worked diligently to boost both enrollment 
and student achievement at this midsize 
physies deps 

Raine 
introduce innovative teaching stratey 
known as 


ment 


15 been in the forefront of efforts to 


esand a 


Integrated Sciences. Yet despite the 
country’s rapidly 


sity system, applications for some 


subjects, including physics and 
chemistry, have been stagnant 
Big departments are sucking in 


Asa 


rents have 


more [students}," says Raine 


result, 21 physies dep 
closed over the past decade, and 
more than half of all UK. univers: 
alu 


ties no longer offer under 


chemistry courses. Even the likes 
of the University of Leicester are 
struggling to fil their courses, 
Physics and chemistry are 
caught ina vicious circle. High 
ind for graduates from hi 
tech industry and the financial 


den 


sector has meant fewer students. 


ng into teaching. That depleted teachin, 
25% of UK. h 
example, now have no specialist physies 


teacher—could n 


n fewer inspiring teachers, 


says Raine, which leads to fewer students 


selectin 
(Atage 16, U.K. pupils choose just three or 
h to graduation 


physics or chemistry at university 


four subjects to continue throu 
at age 18, and they study their major almost 
exclusively for 3 y 

This dire situation has developed despite a 
42% growth in the ULK.S undergraduate popu- 
and 2005 and a zovem- 
to get at le 


sat university.) 


lation between 1 


ment cam one-half of all 


young people to attend university. But some 
subjects have lost ground: The total share study 
ing physical sciences has dropped by nearly one 


percentage point since 1998, to 3.7%, 
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‘Much of What We Were 
Doing Didn't Work’ 


Derek Raine sees integrated sciences as a potential 


savior for disciplines facing declining student 
interest and a dwindling number of departments 


Hence Ri 


ne’s struggle to boost Leicester's 
am. He himself 


auluate physics pr 
trained at Cambridge University and did post 
dock field th 
ory and astrophysics that branched into bio- 
physics, His experience teaching at the Unive 


ral Work at Oxford in quantun 


sity of Leicester made him “see how much of 


What we were doin 


didn’t work,” he says, espe- 
tudent, His 


cially forthe average or stn 


A 


Currying curiosity. Derek Raine says students “are hooked into 
working hard” by courses they find interesting, 


search fora better answer led him to problem- 
based learning (PBL), an approach often used 
in medical schools and pioneered at Canada’s 
MeMaster University in the 1970s, 

Working in teams, stu: 
real-world problem to research, solve, and 


jents are given a 


then explicate to the class. One exercise casts 
students as the crew of a cargo plane that has 
crashed on a desert istand and asks them to 
construct some sort of beacon to communi- 


cate their position. Such problem solv 


what we do every day as researchers.” says 
Sarah Symons, head of a project to develop 
PBL at Leicester. 
obvious to everyone 
Today. after 7 yes 


“I can't see why it’s not 


s of work, about 25% off 


usit 


Leicester's physics courses are ta 
PBL. and three-quarters of staff 
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imolved in some way. Leicester's chemistry 
department is developing a PBL cour 
few other U.K. universities are 
curricula, Although studies of the effectiveness 
of PBL have produced contra 


lictory results, 
some suggest that students retain their knowl- 
edg 
World situations. 

The U.K. government is also belatedly 
tackling the problem, The lack of 
physics education is a “bi 
Blair's 
of the C 
in London. But after some high-profile 
department closures (Science, 4 February 
2005, p. 668, and 1 December 2006, p. 1363), 
the government last year put up $150 million 


E10 real 


longer and are better at applying 


mn on 
failure” of Tony 
's Peter Cok 


ernment, char 


for Science and Engineering 


mpaig 


‘over 3 years to help finance expensive lab- 


based coursesand gave 


sto physies, chem: 


and mathematics societies to 
urricula, 


stimulate demand for and improve 


Raine is involved in one such project be 
by the Institute of Physics (IOP! 
create multidisciplinary degree with a healthy 


in London to 
dose of physies. “Derek's always up for some: 
new." says IOP's Philip Diamond. 

Raine actually b 


1 developing such a 


n attempt to expand sci: 
ntat Leicester, His Integrated Sci 
ences course has been running for 3 years now, 
PBL extensively. The cur 
dents how they might have built the pyramids of 


usin ullum asks stu- 


Egypt and used them for astronomy, and then 


We, nanotechnology, 
biomechanics, and quantum teleportation, 
among other subjects. All of these topies are 
presented in PBL scenarios stich as mock court 
ceases, film productions, and preparations forthe 
2012 London Olympics. "You can askaany ques- 
tion, no matter how stupid.” s 
aiuatte Ben Watson. 

n't yet flockit 
sue the Integrated Sciences deg 


ys second-year 
unden 


Undergraduates a 


however 
This years first graduating class numbers only 
six students, and in a typical year, fewer than 
10 enter the program. “Students are wary of 
somethin, 
Alex Mack, and sometimes unsure of what it 
prepares them to do, Raine thinks its ideal 
training forinterdiseiplinary research, scier 
based industry, or teaching. Raine is hop 


that IOP’s decision to sponsor similar de, 
at three other universities—Surrey, University 
of East Anglia, and London South Bank—will 
and” that will boost enrollment, 


create a 

‘Our vision is that all science students 
should initially come in studyi rated, 
Sciences,” Raine says, 
to beastring theorist.” 


‘Not everyone is going, 
DANIEL CLERY 


Opening Up to the 
Rest of the World 


Antoine de Daruvar injects the real world 
into his bioinformatics classroom in an 
attempt to reinvigorate higher education 


BORDEAUX, FRANCE—I's the day of reckon 
ingin Antoine de Daruvar'Sbioinformatics class 
atthe Université Vietor Segalen Bordeaus 2 
time for his students to show what they have 
learned the past semester. Their assignment 
was to write a computer application to help 
biologists search genetic databases, and 
Daruvar is eager to test-drive the results, 

“Hmmm ... is that image free of copy- 
rights?” he asks a duo who have embellished 
their start page with a picture of a magnity- 
ing glass, “Mission accomplished,” he 
beams at the authors of a nearly flawless 
piece of software, 

Daruyat, director of the Centre for Bioin- 
formaties of Bordeaux (CBIB). is a new 
kind of professor on the French academic 
Jandseape. With roots and continuing ties to 
the business world anomaly” on 
French campuses, says microbiologist and 
gue Alain Blanchard—he’s well- 
equipped to promote technology transfer, a 
weak link in the French economy, “The uni- 
versity doesn't have enough people like him? 
says Béatrice Chassaing of the Regional 
Council of Aquitaine, which is supporting 
CBIB, Chassaing says she’s also impressed 
\with Daruvar's “dynamism and enthusiasm.” 

Daruvar, 44, strongly agrees that French 
Universities should open up to the rest of the 
world, He encourages his students to do 
internships or projects abroad, and he hopes wo 
ate a master’s degree in functional 

genomics, taught entirely in English. Oppo- 

i nents say such programs will deal the coup de 
agriice to French asa scientific language 

His own atypical background helped shape 

his conviction that French higher education 

§ needs to make some drastic changes. After 

§ obtaining a master’s degree in informatics in 


5 1987, Daruvar worked as an industrial soft- 


www.sciencemag.org 


ware engineer and a bioinformaticist at the 
European Molecular Biology Laboratory in 
Heidelberg, Germany, before joining a bioin- 
formatics start-up company there. He fol- 
lowed his neuroscientist wife when she got a 
job in Bordeaux, where he was asked to set up 
bioinformatics training within the biology 
curriculum, That work led to a professorshi 
Which represented a 50% salary cut but life- 
time job security asa civil servant. 

With a dozen employees, CBIB provides 
sofiwaire support to the university’ life scien- 
tists, conducts joint research—for instance. in 
comparative genomics studies of bacteri 
and does some independent work in informa 
ics. But it’ the teaching that Daruvar loves 
most, especially when he can infect his stu- 
dents with his own fascination for the art of 
\writing software. Judging from a few glazed 
looks, not all of his pupils have caught the bu 
yet.) He's perplexed by other aspects of 
demic life, however, in particular the 
institutional autonomy 

For instance, prospective faculty members, 
must be “qualified” by peer panels at the 
National Council of Universities in Paris. 
Those panels meet only once a year, creating 


ck of 


they raised questi 
say's the system is “absurd” and “incompre- 
hensible to foreign scientists” who are 
repelled by sich seemingly arbitrary hurdles. 
Paris's power extends to many other areas 
of academic life and, according to Daruvar 
and others, stifles innovation. The education 
ministry requires every professor and assis- 
tant professor to teach 192 hours a year. 
regardless of other duties. At many universi- 
ties, ministry-imposed budgets for everything 
from housing to maintenance make it almost 


ns for the pat 
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‘Anomaly. Antoine de 


Daruvar's industrial 
experience is unusual 
for a French academic. 


impossible for 
universities to 
set new priori- 
ties, Daruvar 
s. (Bordeaux 2 was one of the first to 
negotiate a lump-sum budget recently.) 
‘These issues have been debated in France 
for many years, and several governments 
have tried reforms—only to pull back in the 
face of protests from unions and students, 
The new government, too, has proposed 
giving universities more autonomy, and 
Daruvar believes it may have a better chance 
to succeed as the groundswell for reform 


grows. To wit, he says opposition to his plan 
for teaching a master’s program in English is 
softening. The university and the ministry 
understand that France needs more foreign 
students, he says, and French students real- 
ize that English is erucial for their career 
perspectives, Besides, he arg 
to rescue scientific Fret 

A few things are unlikely to change, how= 
ever, Open enrollments and low tuitions mean 
that many students enter the university with- 
‘out knowing what they want to do and lacking 
motivation, As a result, more than 25% drop 
‘out in the first 2 years. “That's a big waste, 
Daruvar says, and a demoralizing experience 
for the dropouts. 

Daruvar doesn't advocate changing those 
policies —“the universities have to remain 
‘open to all.” he says, and indeed. the new 
‘government has said it won't touch the twin 
hot-button issues, But he would like to see 
students receive much more guidance when 


choosing a field and a university. Once stu- 
dents realize that the ivory tower isn’t their 
only career option, he reasons, perhaps it will 
be easier to keep them on campus. 

MARTIN ENSERINK 
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BRAZIL 


‘| Do Not Make a Distinction 
Between Teaching and Research’ 


Antonio Carlos Pavao combines the ideal with the practical to bring 
science to the masses and create the next generation of scientists 


RECIFE, BRAZIL—Leon Trotsky peers down 
‘on Visitors o the tiny 3-by-S-meter space that ne 
Education Ministry 


passes for the office of Antonio Carlos Pavio 


al University of Pernambuco flaws, ned. 
The 


tenured professor of theoretical chemistry wa 


at the Fede 


(UFPE) here in northeastern Brazil Intheend bea 


finds the concept of permanent revolution 


espoused by the bearded Bolshevik to be an 
apt 
education, ” 


jphor for his efforts to reform science 
The revolution does not proceed 


wise but permanently.” he 


high science textbooks, he first a 


All the books have 


reed that 13 ofthe 23 series 
ranted a place on the ministry's list, givin 
them a shot at a $335 million market reac! 
31 million pupils. But he had made his point 
Glossy pictures and hands-on de 

are no substitute for teachers, like himself, 
devoted to turnin; 


ing violence. The resulting teacher shortage is 
particularly serious in science, technology 
thematies: From 1990 to 


or example, only 7200 students earned 


degree to teach physics despite the estimated 
55,000 jobs available in the nation’s schools, 
With the comer druggist sometimes teach- 
ing physics in understaffed public 
it’s no surprise that Brazilian | 
ranked last among 41 countries in mathematics 


h schools, 


and 40th in science in 2003 on an international 
15-year-old students, It 


ued that assessment involvin; 


pproval from the also helps explain why up to 40% of students 
FPE'S Center for Exact and Natural 


Sciences, where Pavao teaches, drop out 


enter 


ester: in other Brazilian 


after the first sen 
federal universities, the number is as hi 
75%, “Mathematics is the knot,” Pavao 


has 


explains, although he says students are also 


yonstrations put off by the current university practice of 


lumping together all science, ¢ 


ineering, 


tudents into prac- and mathematics students in courses devoid 


The same applies to teaching ticing researchers and who know how to find of labs and actual research, 

Equally graying and bearded, the $6-year- value from the most mundane resources. Two years ago, Pavio and his colleagues 
old Paviio manages to incorporate the “What school in Brazil has n a experiment to cireumvent the stu 
utopian view of the martyred Marxist with- yard?" asks Pavo, who as a gradu dents’ lack of preparation, They added a 


‘out losing touch with reality, He's the only 
professor in the department who shares his 


office space with a quartet of graduate stu 


dents, for example—but he doesn’t lend out Most science 


any of his cherished books. And on larger 
issues, he's adept at the art of the possible. As 
chair of a national panel t 


evaluate junior cachin 


wages, poor 


RUSSIA 


Irina Sukovataya taps into software 
and the resources of a new mega- 
university to help physics students 


KRASNOYARSK, RUSSIA—In a small labora 
tory ist year physic students are running electric 
current through a diode. Although the actual diode is in another room, its 
depiction on a computer screen allows students to work at their own pace 
spares the equipment, eliminates accidents, and offers both students and 
teachers greater flexibility in what is typically @ heavy work schedule. Bio 
physicist Irina Sukovataya devised this and similar software for her physics 
classes at Siberian Federal University (SFU}—and potentially for thousands 
of other students from across the vast region who can't travel here. “The sft 
ware allows for an individual trajectory of study. A student can begin at any 
stage he likes,” says Sukovataya 

In this country of 11 time zones, a university that is east of the Ural 
Mountains can be easily forgotten when almost all the people and money 
are to the west. SFU, less than 1 year ol, is one ofthe country’s four new 


‘once sent So Paulo sec 
ning in opposite directions to help them 
understand the structure of the atom. 

sachets ar 
that resourceful. The life of a Brazilian second 
ary school teacher is not easy, thanks to low 
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ndary students spin- third phase to the traditional two-step admis: 


sion process, which includes a massive mul: 
tiple choice test followed by handwritten 


far from be 


exams. UFPE now accepts three times more 
candidates than it has room for and offers 


ns, and mount- ence courses, Those who pass the closing 


‘The Teacher Is Still the Central Figure’ 


megauniversities. Together with those in Moscow, St. Petersburg, and Rostov- 
on-Don—and a fifth planned for Viadivostok—the megauniversities 
represent the government's latest attempt to reward innovation and restore 
quality in higher education across the nation. 

That initiative is part of a stew of Western-style reforms to Russian higher 
education that include creating two elite business schools and replacing the 
current 5-year degree with a more compact 4-year system in line with the 
Bologna process. SFU is due to receive $386 million by 2010, about eight 
times the combined budget of the four institutions that were merged into 
SFU. Refurbishing laboratories isa high priority, along with offering higher 
salaries and stipends to attract and retain faculty members. 

So far, the 35-year-old Sukovataya is ahead of the curve. A graduate of 
Krasnoyarsk State University, now part of SFU, Sukovataya did graduate work 
at the Russian Academy of Sciences’ (RAS) Institute of Biophysics here. In 
2001, she joined the faculty of Krasnoyarsk State Technical University, also 
now a part of SFU. 

Sukovataya has twice won an annual scholarship for excellence in teaching 
and research, along with a stipend that far exceeds her monthly salary. Her 
new teaching materials and automated methods of instruction areall the more 


Science for all. Antonio 
Pavao (in orange T-shirt) plays 
with visitors atthe science 
museum in Recife. 


exams are allowed to enter the regular 
h, like 


undergraduate program, whi 
Brazilian public universities. is free. 


In his 


Pavdo puts on quite a show. He'll place a 
nd ask why it’s red. Or 


tomato on the table 
he'll w 
and point out how well its pe 


made up of 60 carbon atoms and an expla- 


remarkable because they arose in an academic environment still dominated 
by Soviet-era thinking. ‘We developed these materials because they are con- 
venient and helpful, not because there was some kind of directive from the 
Education and Science Ministry,” she says. “We began earlier, much eater.” 

The diode software, developed at the multimedia lab run by her hus- 
band, Aleksei, a specialist in quantum electronics, gives students the 
option of studying when and where they want. That's a radical concept for 


those used to adhering to a rigid path laid 
down by federal officials. “in fact, when Isee 
students with a very high level of ability try 
to direct them to study on their own, at 
home,” says Sukovataya, 

But that’s easier said than done 
Aleksandra Altukhova, whose father is a 
physicist, says that although @ computer can 
replicate a piece of lab equipment, it cannot 
replicate a teacher. Besides, she confesses, it 
is more difficult to work independently, and 
Sukovataya can be persuaded to give hints 
not forthcoming from the software. The two 
have worked out a compromise, Sukovataya 
says: “told her that she could come in once 
per month, not every week.’ 


al chemistry classroom, 


rab a soccer ball from his briefcase 
ons and om 
agons fit in a round surface, a seamless 
introduction to a fullerene molecule 


nation of chemical 
bonds. “Better and 
more experienced 
professors should be 
1 


courses to freshmen 


teaching under, 


and sophomores.” he 
argues, aware that 
his advice is not 
usually followed 
His goal, he 


the structure of mat- 
ter. “I do not make a 
distinction between teaching and research, 


I There isa fa 


cination among students for 


of it” 
kT 
them overcome their short- 
\d the need to study 


advanced subjects. [take a 
says Pavdo. “At the 
end up helpi 
comings and understa 
and learn more about those *bori 


intay 


nd of the day, 1 thi 


wg things’ in 


thematics, physics, etc 
His colleagues say that his work in both 


realms is top-notch, “Pavao is an 


ginal 


theoretical chemist, with very wide-ranging 


i 


— 


Helping hands. Irina Sukovataya has used money from 


teaching awards to develop new instructional materials 
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Interests.” says Nobelist Roald Hoflinann of 
Cornell University, whose picture hang 
alongside the Trotsky poster. “Pavao’s com- 
mand of theoretical formalism and attention 
to experimental detail:” Hoftimann explains, 
makes for “an appealing combination, 
When not at UFPE teachin 
research, Pavio directs Espaco Cigneia, a 
state-owned, open-air science museum squat- 
ted in a semiabandoned exhibition pavilion 
between the cities of Recife and Olinda 
Some of its yearly 80,000 visitors 


nd doing 


mostly 


teachers and pupils—later attend summ 


hands-on courses at UFPE, another of 
Paydo’s multiple activities, Those taking a 


week course on “Kitchen Chemistry,” 
for example, might employ a $300,000 
spectrometer tryin; 
mystery of stale butter 
The initiative is part of a network set up 
by faculty members at 10 federal universi- 
ties ona slim budget, and his ever-active 
mind sees it as a model, “UFPE has about 
$0 departments,” he says, “Ifall engage in pilot 


ctu 


projects such as ours, we could do 50 times. 
more.” In the meantime, Trotsky’s looming 
presence reminds Pavao that providing 


azil with access to the W 


every childin E 


ders of science requires a blend of utopian 
nee of a 


dreams and the patience and vigil: 
disciplined activist 
“MARCELO LEITE 


Marcelo Leite is awrite in S30 Pad, 


Similar software is also useful for distance learning. Students at tech: 
nical schools across Siberia have used it to perfor 
‘and even to direct robots, and the university eventually hopes to offer its 
programs to students from China, India, Mongolia, and the former Soviet 
republics, according to Sergei Verkhovets, head of international relations. 

This semester, however, all 70 of Sukovataya’s students are physically 
in her classroom. That means she spends 30 hours a week, 


experiments online 


including Sat 
turdays, teaching in labs and lecture halls 
“There is very little time for research,” she 
says. “Still, have not dropped my scientific 
research completely" on bioluminescence, 
which she carries out at the RAS institute 
“After all, a teacher ideally should be up to 
speed on research and not just what is writ 
ten in textbooks.” 

Echoing her student, she adds that the 
new software isnot a substitute for a teacher. 
“Some teachers think, ‘Now the software has 
appeared, | am not needed anymore.’ Bu, in 
reality itis the opposite, The teacher is still 
the central figure.” 

BRYON MACWILLIAMS 
Bryon MacWiliams sa writer in Moscon. 
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University of 
South Africa 


Leslie Lekala teaches physics to thousands of students whom he'll never 
meet, using distance learning to help overcome the legacy of apartheid 


PRETORIA, SOUTH AFRICA—As a boy, Leslie 
Lekala walked 2 hours each way to high 
school. Three decades later, he’s still involved 
in dista ion, But this time, h 


teaching physies to thousands of students 
scattered across Attica 
Lekala’s high school in remote Limpopo 
Province offered no physics or higher math, 
and his first lab course was at the University of 
the Witwatersrand (Wits), where he earned 
degrees in physics and mathematics. Now he's 
‘1 senior lecturer at the University of South 
(UNISA), the continents lang 
ng institution andoncofthe world’s 


st dis- 


megauniversties, But whereas some of those 
to Internet 
nentsare till 
wish I had a 
magic wand and could give computers to each 
of our students.” says Lekala about his first- 


giant universities are switchin 
learning, most of UNISASassi 
sent and received by snail mail. 


year class of 1000 students. “But many of them 


simply don't have ready access to the Internet.” 

UNISA’s enrollment of nearly 210,000 
includes about 14,000 science or engineer- 
ing majors. Many students can’t afford, or 
don’t qualify for, admission to other univer- 
Despite losing the cream of the crop 


to the nation’s elite residential universities, 
Lekala says about 20% of his first-year stu- 
dents will major in physics, and some will 
go on for advanced degrees. That leaves 
Lekala, 46, with the enormous challenge 
giving them a good foundation, 


One obstacle is explaining difficult con- 
cepts without benefit of classrooms or face- 
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to-face sessions, Lekala’s most potent tool, for 


the relatively small percentage of students 
who seek help. is the telephone. 
sier when you are in front of a chalkboard” 
spoken Lekala. “By phone, you 
must be very clear in your explanations 
Although Lekala speaks seven of South 
Affica’s 11 official languages, he wrestles to 
translate some physics concepts. Force and 
power, for example, are expressed by the same 
word in some African ka 
in the distinctions, 


It'sso much 


says the sol 


ages. “You have to 
he says. UNISA 
administrators are considering more “extra, 
ner support” programs that would bring 
Lekala and his coll 
including additional satellite classes, fac 


expl 


ues closer to students, 


face tutoring, and online discussion groups. 
Many students would like more contact with 
their lecturers. “It is often difficul 
‘your problem to a lecturer over the phone” says 
Ditlhase Frans V med both his 
BSc. and master's degreesin physics at UNISA 
and plans to start work there soon on his Ph.D. 
Another problem, he says, isthat “there are very 
limited resources” for lab work at UNISA, 


10 outline 


requiring upper-level students to travel to 
Johannesburg to use labs at Wits University 
(Students travel to one of several UNISA test- 
senters around the country for final exams.) 


Indeed, teaching lab sciences poses a 
major problem for many distance-learning 
universities. The acting dean of UNISAS se 
mathematician 


Ian Alderton, says students have access to 
software for learning basic lab procedures and 
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Global reach. Campus signpost shows how far 
Leste Lekala will go to teach physics 


“home experiment kits” for first 
Many courses also require a 2-week intensive 
laboratory course, taken either at UNISA or 
another approved sit, 

For many first-year students, the lack of 
familiarity with lab work isa legacy of the 
apartheid regime, which invested litle 
money for teaching science in mostly 
black schools. The weakness of disad- 
Nantaged schools continues: Last yea, 
only about 15% ofthe 195,000 second- 
ary school seniors in South Africa 
passed the qualifying 
physical sciences. This spr 
cation mi 


-year physies, 


am in the 
the edu- 
embarrassed that 


ster: 
South African students ranked lowest 
on the last Trends in International 

Mathematics and Science Study exam, 
pulled out ofthe current round, Meanwhile, the 
ministry has established a nationwide network 
of 102"Dinale 
magnet high schools in the United States 


schools” —similarto seience- 


10 
boost the study of math 


nd physical science, 
Poor preparation is not limited to students 
at distane es, Geology 
professor Nicolas Beukes of the Univers 
Johannesburg says some students are allowed 


ducatio 


universit 


to spread their one-term introductory geology 
course over a full year to have more time to 
master basic concepts. Similar “bridging” 
nsidered at UNISA. 

Even ifthe quality of nice students 
can be improved, the number of students inter= 


ested in science— especially the physical sci 
ences—has been shrinking, Alarmed, the 
South African Agency for Science and Tech- 
Advancement is working with both 
primary and secondary schools on programs 
ned students in science. Gillian 
. a physics lecturer at Stellenbosch 
University who leads interactive sessions with 


nol 


to interest 
Arends 


high school students as well as workshops for 
teachers, says, “It's a challenge to attract the 
br 


test students into science: 
The goal of keeping talented students in 
school is one reason Lekala spends two-thirds 
of histime on 
Even so, he 
field of few-body physics, atend contre 
and stay in touch with colleagues around the 
world. He also reserves time for the 10 students 
typically in his higher-level classes. “These stu- 
dents know the base concepts and tend to have 
better access to the Intemet.” says Lekala, “But 
it still a chal 


iching and administrative work. 


anaes to conduct re 


to teach them well 
ROBERT KOENIG 


AUSTRIA 


lO 


University 
of Vienna 


skills they n 
scientific co 


VIENNA, AUSTRIA—"Danke, sehr gut, 
Katrin Schafer, nodding to Christopher 
Schmied that he’s up next. Schmied walks to 


the front of the class and takes a deep breath 
before launching 


1 description of his 


undergraduate research project, a social 

psychology experiment to test people’s per- 
ption of facia 

thicken like molasses as he swit 

Austr 


hair. But the air seems to 


hes to his 
;cented English, 


The previous presentation had crackled 
with 


tions, answers, and even a few jokes zin 


between Schiifer 


a biological anthropol 


and her undengraduate students. But the easy 


fluency falls away as the class wrestles with a 
foreign language. In the polyglot discussion 
that follows, Schiifer switches between 
German and her crisply fluent English as 
needed to keep the conversation 

Se 
science under 


ier is « strong proponent of teaching 


ish asa 
n 
help the university attract the brightest stu- 


dents from across Europe. “You simply cannot 
have a career in the sciences without fluent 
ish, 


Germany but moved to Vienn 


says Schiifer, who g 
in 1988, 


ew up in 
and 
the sooner you start, the better” 

Walkin 
daydreams about spending some time on her 
own Fesearch, the evolutionary forces that 


down the hall after class, Sehiifer 


an skull. This is a 
10" 
for someone past the 


shaped the modern hur 


“luxury” for which she ca of the 


week” an amount typic 


serueling habilitation period but still early in her 
career. But students suddenly descend like 
hawks from every direction, desperately seck- 
ing final tweaks to posters that they must finish 


before accompanying her to an upcomin; 
anthropolog \ce in Philadelphia 
She's by their side until 7p.m., looking over the 
English: 1¢ explanations of their work. 
''m happy to do this because I want them 
to have a different experience from what we 
had aduate in this 
department nearly 20 years ago, says Schafer, 


she says. As an under, 


‘Can't Have a Career... 
Without English’ 


Katrin Schafer helps students acquire the 


eed to live and work in a global 
munity 


it was “sink or swim.” Students were responsi- 
ble for finding a faculty mentor and develop- 
ing a research project that would lead to a 
Ph.D. "We were all so confused, and many of 
us dropped out or failed.” Today’s students 


have “wonderful advantages.” she says. 


including guaranteed mentorin; 


id exposure 
to international students and visiting scien- 
They also have more choices. Only 


about 10% go on to doa Ph.D., and that’s fine 


The [undergraduate] degree is still valuable. 


Undergirding these new resources is a 


shiftin, Only a few 


landscape of lan, 


generations ago, when cutting-edge research 


Was published in journals with names like 


Angewandtechemic 


proficiency in Ger 


‘Auf Englisch, bitte. Katrin 
‘Schafer (eft) betieves that teaching 
undergraduates in German puts 
them at a disadvantage. 


the world, Times have chat 
researchers acknowledge that English is sci- 


ence’s lingua franca, 
But switching 


over to an English-based 


ot come easy, says fellow 
University of Vienna (UV) anthropologist Karl 
‘The opposition ... will be very 
inly bec 


curriculum will 


Grammer, 
hi 


be says."™m sould me 


iving up German as a scientific langua; 
Faculty members would also have to redo all 


SCIENCE VO 


material. Grammer favors a 
bachelor’s program in German with an 
optional switch to English at the master’s level 

Georg Winckler, an economist and rector 
of UV, would like the faculty to embrace what 


sm”: Courses ta 


professors lecturing in 
‘The students can ask questions in 


German,” he says, “and the professor must be 
able to understand but can answer in English.” 
But at the moment, the decision is left to each 


department, Some, such as the 


nolecular 
ram, have already switched 10 
sh for their lectures, 
Although Schiiferay 


approach would help attract international stu- 


biology pro 
En, 


rees that a melting-pot 
dents, she sees.a deeper problem with holding 
onto the mother tongue, By requiring German 
ts ability, candidates for new university 
positions are “limited to the German-speaking 


world." That factor helps explain why Austrian, 
Universities are filling with German scientists 
Thave nothing against Germans; afterall, 'm 
eof them,” she says, “butif we're going to be 


a competitive research university, we need 
people from all around the world,” The Max 
Planck Institute for Evolutionary Anthro- 


pology in Leipzig. Ge 


ny, has recruited a 


‘world-class faculty.” she says, by 


“doing everything in English.” 

This linguistic battle is taking 
place as UV and other universities 
on the continent struggle to 
restructure their degree programs. 


The current under 
tem, identical to that of Ger 
to the northwest, is 5 years of 


raduate sys= 


study and a research-based thesis 
culminating in a degree called the 
Diplom. But in line with the 
“Bologna process” 


ees that grew out of a 
1999 gatheri 


F 2 of education 
ministers in Bologna, Italy 


the 
Diplom will be reduced toa 3-y 
UK.-style bachelor's degree. To 
ap between the bachelor’s and the 
1 buffet of 


fill the 
Ph.D. universities are introduc 


2-year master’s degrees. 

Although that transition may be a rocky 
one, everyone agrees that the status quo no 
longer works. It's a wrenching concession for 
an institution established in 1365 that helped 
spawn the current Anglo-American system, 
Now the tables are turned, Schiifer admits, 
‘but itis for the best.” 
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Nandula Raghuram’s hands-on 
approach gives students a solid 
foundation for a biotech career 


NEW DELHI, INDIA—Housed in the narrow 
by lanes ofthe old walled city of Dethi, where the 


modem Metro train and the horse-drawn cart compete for space, Nandula 
Raghuram’s teaching laboratory provides a haven for three dozen budding 
biotechnologists. Hampered by inadequate supplies and equipment, the 


42-year-old molecular biologist at Guru Gobind Singh Indraprastha Univer 
sity (GGSIPU) here makes do, Absent the large, expensive glass columns nor 
mally used for gel filtration, students separate proteins using ordinary surgi 
Cal syringes whose ends have been plugged with atex d tied of with 
thin rubber bands. “t's a low-cost, low-tech solution, but it allows each stu 
dent to get his hands wet,” he says. 

Raghuram isan atypical teacher in a typical Ind 
a middle-class family from a small town in southern India, Raghura 
earned a Ph.D. in 1995 from Jawaharlal Nehru University in New Dethi and 


bes a 


mn university. Born into 


Beyond Islands of Excellence 


worked for industry before becoming a science policy analyst at the Center 
for Science and Environment here, He has aso tolled asa science writer and 
is active in the Society for Scientific Values, a nongovernmental watchdog 
body that investigates scientific misconduct in india, n 2002, he became a 
Reader (the equivalent of an associate professor) at GGSIPU, created in 
1999 as the youngest of six universities inthis capital city, It allowed him 
to return to what he calls “my first love: doing and teaching science 

He devotes half of his 6-day, 65-hour workweek to teaching bachelor’s 
and master’s degree students at the university's School of Biotechnology, 
which accepts only 1% of the applicants for its 35 slots That stiff competi 


tion reflects the popularity of the university's applied sciences curriculum 
and the success of graduates in finding good jobs, says Prakash Chand 


Sharma, dean of the school. In 2004, Raghuram was voted the university's 


best teacher based on what he believes is his success in answering a seem 
ingly obvious question that few indian professors actually ask: What do we 
want our students to learn in this class, and what skills do they need to 
acquire for that learning to take place? 


Raghuram prefers using chalk and blackboard rather than PowerPoint 
presentations, explaining that his job is “not to show off my techie skills but 


CHINA 


‘It's Important to Ask Students 
To Do Some Work on Their Own’ 


Yun Ying has pioneered a course that forces physics students to take the 
initiative and teaches them the English that they will need 


NANJING, CHINA—China is in the midst of 
one of the most remarkable expansions of 
And 
a semiretired professor of 


higher education ever attempted. 
although Yun Yi 


physics education at Southeast University in 
Nanjing, may be only a bit player, she’s pas- 


sionate about reformii ¢ educa 


And she has a lifetime of experience. 

In her nearly 6 decades as a teacher, she's 
weathered the Great Leap Forward and Cul- 
tural Revolution and benefited from China's 
to the West. Now, the 82-year-old 


openin, 
Yun is 
introductory physics course addresses a 


ading her own minirevolution. Her 


jority, namely, to foster economic 
not just more, but more 


n wrestling with the challenge 


Yun has be 


of revamping physics teaching since she 
returned from a 1980 tour of major 


US. research universities, which convinced 
her that Chinese students who hoped to study 


6. JULY 


abroad needed to learn 
English tailored to those 
academic subjects. She 
also realized that “it is 
very important to ask 
the students to do some 
work on their own ini 
tiative 

Those two princi- 
ples underlie her “Bi- 
gual Physics With 
Multimedia” text and 
CD-ROM. a freshman course she has been 
developing since the mid-1980s that has 
been adopted by 10 Chinese universities. 
Th lish that 
students need to discuss physics but also 


course not only teaches the E 


requires students to research physics topics 


and present their findings to the class. 
That's a dramatic change from the memo- 
rization demanded in typi 


| introductory 


There are no other texts 
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/ Southeast 
University 


History lessons. Yun Ying has 
spent 60 years working to improve 
physics education. 


like this for physics” in China, says engi- 
neer Xue Jingxuan of the Institute of High 
Energy Physics in Beijing, who is also con- 
cerned about science education in China, 


Xue says few university teachers put time 
and effort into developing course materials. 
nificant 


ga course may seem ins 


compared to the challenge of reinventing, 
Chinese higher education. University enroll 


to explain concepts through discussion.” His first Ph.D. student, Ravi 
Ramesh Pathak, calls him an “unconventional guide who gives his students 
ng experience.” But Raghuram laments 
ng as a profession” among his peers and 


total freedom for a holistic lear 
“the declining popularity of teac 
society asa whole, 

In addition to teaching, Raghuram spends a quarter of his time doing 
basic science research on how plants take up and use nitrogen. With help 
from his three curent graduate students, his lab has published more than 
20 papers. The university pays his salary, and his research is funded by 
grants {rom various sources, including the Council of Scientific and Indus 
trial Research and the Department of Science and Technology. The rest of 


‘ments have jumped sevenfold since 1998, to 


21 million in 2005, according to the Ministry school 


of Education, Not surprisingly, classes 


crowded, re and she says, “we 


teaching loads 
building sprees have left 
with staggering debt loads, And although 
funding has risen, it hasn't quite kept pace 
with the rising numbers, leading 


iny universities 


some uni- 


scores [on tests] th: 


versities to increase tuitions and try other 
means of raising funds, 

But many officials say that the b 
challenge lies in reforming 
uulaand teaching methods, particularly in sei- 
ence, technology, engineering, and math: 
Teachin; ja still empha 
size mem 


outdated curric- 


ty. All exp 


methods and curr 


The videos 


ization, especially at the fresh- 


man and sophomore levels, and the goal is to 


foster creative researchers capable of making life, 
discoveries at both the basic and applied lev-_neeri 
els. “We have to have our own intellectual more u 


property.” explains Rao Zihe, a structura 


biologist who is president of Nankai Univer- 


sity in Tianjin. Rao fears that a dearth of — findi 


homegrown creativity will forever relegate 
China to the status of refining innovations 


meats, or challe! 


made elsewhere, 

Yun is well equipped to take on that chal- 
lenge. A 1947 phy'sies graduate of Furen Uni- 
versity, she spent I yearin a master's program 
before joining what later became Southeast 
University. (Teachers with only a bachelor’s 


: 
j 


degree were not uncommon at the time 
although most university professors now hold 


Ph.Ds.) She had taken E 
nd thought it appropriate for science 
re courses, But after the Communist Revolu- 
I earned Russian.” 


Yun’s course devi 
approach in Chinese schools, notes Xue, in 


which “those who can memorize 
those who learn the text 


ively.” The textbook contains sta 
vel lessons in momentum and Fl 
ynic motion, and wave: 


lish with Chinese t 
s. The CD-ROM includes video clips 
us principles. 

of how the laws of physics apply to daily 
says Hu Te, a Southeast software engi- 


tuddent who took Yun's course. Ev 
uustial is the requirement that stu- 
dents select a topic, res 
or ina small group. and th 
in a class seminar 
Other students can ask questions, make com- 
e the conclusi 


unprecedented conduct for Chinese under- 
aduates, says Xue. 

Despite the use of English, Yun hasn't 
watered down the content. Some of that may eng 
be due to Southeast’s rankii 
country’s top 10 comprehensive universi- 
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his time is devoted to administrative duties, he says, including attending to 
students and colleagues who cluster around his small office sandwiched 
between the registrar's and vice chancellor's office. 

“Raghuram is both a good communicator and researcher,” says 
Sharma. But his many responsibilities, Sharma adds, means that “his 
teaching does suffer at times.” 

The School of Biotechnology offers students no formal career counsel 
ing, so Raghuram also tries to give them guidance, Sharma says about a 
third of the biotech graduates remain in school for a Master of Business 
Administration (MBA) degree, and a third go abroad for advanced 
degrees in the life sciences, The remainder go to work for companies or 
another institution. Ironically, Raghuram has never studied overseas, 
although he has traveled widely. “Doing science differently in India is 
what | have strived for while ensuring that my students also grow and 
blossom,” he says 

GGSIPU is part of the government's plan to double over a decade the 
9.2 million bachelor’s degrees awarded each year. And Raghuram is moti 
vated by the fact that GGSIPU students don't have the stellar background of 
those who vie for the 5000 or so coveted spots each year at the seven elite 
Indian Institutes of Technology across the country. He hopes that his work 
GGSIPU will help the country build a system of higher education that 
shatters the current pattern of “islands of excellence in an ocean of medi 
ccrity.” Syringe by syringe, he's doing exactly that. ~PALLAVA BAGLA 


glish since primary who was required to take Yun's course as a 


freshman, say's it was completely different 


from his high-school physics courses, 
which were “just theories and equations and 
and boring. 

Du Yuan, another honors student required 


(es from the traditional formulas 


ret better to take the course, says the opportunity to 


independently research a topic—his was the 
“Yesterday, Today, and Tomorrow of Space 
ight"—was a rare treat for a freshman. And 
Hu says the vocabulary learned in Bilingual 
Physics allows him “to read about the theo- 
ries of Nobel Prize winners, which haven't 
been translated into Chinese 


article 
nsare given in depth in 


inslations of key pas- 


Yun is pleased with the positive reaction 
to her course. Two years ago, she offered a 


deeper understanding 


teacher-training course for schools consid- 
ering adoption of the text and CD-ROM 
n_and now she’s working on a teaching and 


learning guidebook. 
Xue specul: 
atracted more attention because old habits die 


ch it on their own s that the course hasn't 


n present their 
alll in E 


sh. hard among 


cersity professors, who he says 
focused on their research, But the increasing 
ns— numberof faculty members who were trained in 
the United States or Europe has sparked interest 
in reformi 


aching at Chinese universities. 


A one-semester course taken primarily by 


ineerin 


students may have a limited impact 
on Chinese education, he admits. But for those 
calling for an educational revolution in China, 
200d place to star. 


as one of the 


DENNIS NORMILE 


75 


76 


The World of Undergraduate Education 


University 


SEOUL, SOUTH KOREA—A 
pres incering college is scribblin, 
ona cha 


professor at a 


Ikboard, so the story 


puzzled freshman looks at the inte 


ration sign 
in one of the equationsand asks, “What is that 
curly symbol? 


Lee Duckhwan, a chemist at Sogang Uni 
versity here, says the story, which he swears is 
of South 


ared for 


¢, illustrates the large numb 
san students who arrive ill-prey 


college-level mathematics. He blames the 
“unprecedented crisis” on a 1997 national 
curriculum that lifted requirements on many 


high school science and math courses. With 


two-thirds of students now avoiding science 
altogether in 11th and 12th grades, Lee says 
university seience departments have been 


forved to offer remedial courses before stu- 


dents can tackle the regular curriculum, 

The state curriculum leaves little to the 
imagination, says Lee, who was asked to 
write a high school chemistry textbook. 
“They dictated what to put in the textbook 
down to the smallest detail,” says Lee, whose 
complaints went unheeded. Last year, when 
the education ministry conducted a review of 
the curriculum, Lee penned commentaries 


and rallied colleagues in hopes of strengthen 


the science component. He also served on 
one of 1300 experts on a 
Duckhwan 


a science pane! 
dizzy 


¢ 100 review groups. 
helped us find a strong voice,” says physicist 
Oh Sejung 
National University (SNU). 

But in February, when the ministry 


dean of natural sciences at Seoul 


unveiled new standards to take effect in 2009, 
nents had been softened further. 
h-year students will 
home economics 


the requi 
For instance, 1 1th-and 12 
be able to opt for a course 


or business management instead of science or 


math, The review “was bogus.” Lee fumes. 

The criticism is unwarranted, says an 
education ministry official, who notes that 
‘ds will add | hour a week of 
rade science. And she asserts that 
most | Ith- and 12th-year students take math 
and science. Lee replies that the extra hour 


the new stand: 


SOUTH KOREA 


‘A Strong Voice’ 
For Course Reform 


Lee Duckhwan fights to keep science in the 
forefront of what students are asked to learn in 
high school and college 


was added to “repair” what had been 
dropped from the 1997 curriculum and that 
ly 


the ministry's statistics “do not cor 


reflect” science enrollments, 


Lee is no Johnny-come-lately to science 
literacy. He earned a Ph.D. in theoretical 
chemistry at Cornell University in 1983 and 


spent 2 years at Princeton before landin 


Leading the charge. Lee Duckhwan has rallied 
colleagues in an effort to 
national curriculum, 


ster science in Korea's 


Sogang. Not content to limit himself to his 


field of nonlinear optics, Lee hi 


translated 


several popular science books into Korean. 
o, he founded the country’s first 


rum in Science communication, 
ar. he led preparations for the 
national Chemistry Olympiad in Seoul 

Few countries outdo South Kor 


n these 


Olympiads or on standardized science and 
math tests, and until a decade ago, 
dent had to learn every branch of science 
Kim Jin Seuns 
Chonbuk National University in Jeonju. But 
science got caught up in a broader school 


physics professor at 


SCIENCE 


reform movement sweeping across South 
Korea and Japan in the mid-1990s that sought 
to do away with heavy memorization, Satur- 
day classes, and unbendin 


course require 
ments, The outcome, says Lee, enshrines free 
choice as.a tonic for low creativity —ereatin 
new problem without solving the old one 
Not only are high schoo! students opting 
to take less science, but there are also fewer 
» around, The number now tak~ 
the colleg 


students to 
entrance exam is nearly half 
ie 1980s, when a postwar baby 


th 
boom filled campuses. And the ratio of sei- 
1 arts majors has flipped from 


ence to libe 
6:4 to 3:7 in the past decade, says Kim 
Dohan, president of the Korean Mathemati 
cal Society and a professor at SNL 

Two science universities—the Korea 
Advanced Institute of Science and Technology 
and Pohang University of Science and Tech- 
nology (POSTECH)—are buffered to a degree 
by drawing heavily from the country’s 19 elite 


science high schools, and SNU also gets more 


eand 
brat 


than its share of these science-savvy 


Even so, Oh says, one in five SNU scie 


freshmen needs remedial al 


before taking college-level courses, 


Lee and others worry th 


the revised cur 
riculum will further dilute science teaching 
for most students, and the heads of six sei- 
cence organizations have demanded revisions, 
“By makin 
[science and math] courses optional, it’s 
nal to students that m 


in the new curriculum, these 


are not important,” says mathema 
Kyung Chan of Yonsei University in Seoul 


Ironically, these changes coincide with a 


doubling of gove nding on 


research over the last S years 
The status quo, Lee predicts, will lead to a 
steady erosion of science literacy in South 
Korea. That could lower the level of public 
from 


discourse on many important issues 


nuclear waste disposal to the routing of high: 


speed train lines—with a scientific compo: 
nent. Lee also fears that the growth in South 
Korea’s research capacity will be stifled. 

In the meantime, universities are scram- 
bling to drum up interest in science. POSTECH 
launched an undergrad research program that 
awards $4000 to each of 30 students, who may 


choose their own topic and adviser from any- 
where in the world, “The students can spend 
the money however they want. They decide 
says POSTECH’S dean of student 
s, Kang In Seok, who designed the pro- 
im. But such efforts may not be enough to 


everythi 
aff 


offset rising levels of apathy toward science 


among the young. “RICHARD STONE 


Science and Technology 


Toyoko Akiyama fosters a movement to counter specialization by giving 
all students a real taste of her biology lab 


YOKOHAMA, JAPAN—Toyoko Akiyama 
her recent biology classat Keio University h 
by explaining DNA analysis, including how to 
DNA fragment using the poly 
tion (PCR), Then she demonstrated 
how to use a micropipette. Next stop was the 
lab, where all 58 students collected cells from 
their own cheeks and prepared samples for the 
PCR thermal eycter. When the students met 
again, they would learn whether th 
particular polymorphism withi 
region of their own genome 
Akiyama’s class would not be unusual for 
budding biologists. But her students are 
marketing 
and political and social sciences; some have 


‘majoring in economics, literature, 


taken no science courses since junior hi 
school. “We think all educated adults should 
have some understanding of science 
entific procedures,” says Akiyama, explai 
an educational philosophy th 
the school’s founding in 18 
Fukuzawa, aleadin 


8 by Yukichi 

intellectual and entrepre- 
of the 

oxlernization. 


neur Who recognized the importane 
natural sciences to Japan's 

Inn era of increasing academic special- 
ization, Keio is a rare exception among 
Japan's private universities in offering lab 
courses for nonscience majors, And most of 


the country’s roughly 100 national universities 
virtually eliminated science course offerings 
fornonscience majors in a wave of restructur- 
decade ago that closed departments of 
general studies, explains Toshio Hyodo, a 
University of Tokyo physicist long concerned 


about science education, But “universities are 


reconsidering those reformations,” he says, As. 


both students and educators rethink the value 
‘of a well-rounded education, they could once 
again 


has be 


nbrace the type of courses that Keio 
offering for 50 years, 


biophysicist, is not an obvious 


choice to be leading the charge. Shoulder-high 


even to most of her female students, with a 
sady smile a 


id quiet demeanor, she 


colleagues here on Keio’s Hiyoshi ca 
technically belong to the faculty of law and 
e faculty, located at another of its 


the Tokyo area. 


not the sciet 


five ca 


npuses throughs 


(Considered one of Japan's top private univer- 
sities, Keio counts many prominent business 
people and politicians among its alumni.) She 
valk to stu 
which she 
seminars and courses 


admits t 


dents who 
indulges by 
her specialty of pigment cells and their deve 
“opmental processes. And she tries to carve out 

rch, 


re science majors; 


a few days a week to pursue her resi 
although she concedes that “lots of meetin 
interrupt that schedule. 

But teaching biology to nonscience majors 
is her passion. one that she’s pursued for 
30 years. She puts considerable time into 
developing 
‘more topical than systematic, and experimental 
themes resonate with cure: 
up the DNA experiment, she mentioned how 
DNA analysis determined that recently necov- 
«ered human remains were probably not those of 
a famous kidnapping victim. 


jesson plans. Her curriculum is 


issues. In settin 
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DNA for all. Toyoko Akiyama champions laboratory 
courses for nonscience majors, 


DNA is in the news, and this helps us 
understand what it is all about,” says Taro 


anak, a 19-ye: 


-old political science 
F who was handling a pipette for the 
first time. Akiyama says she enjoys watch- 
ing students discover a new interest 


and nurturing an antidote te 


grow- 
ing alienation from the natural sci 
ences among Japan’s youth, 

One of the challenges Akiyama 
facesis age in the amount of 
high school preparation her students 


have had, Many students devote all 
their time to the subjects they need to 
master to pass specialized university 
emtrance exams, So when the 
Akiya 


have only junior high science courses to 


enter 
na's classroom, some students, 


their credit whereas others have 3 years of 
“Some students find 
ial too basic, whereas others strug- 


high school biology 
mat 
she says. 

On this day, everyone seems to be keepin; 
up with the DNA analysis. Yamanaka says the 
Jab work isa “refreshing change from studying 
ie Kanako Arai, an 
economics major, hopes to meld her interests 
by studying the economic aspects of environ- 
mental issues. A 2005 survey done by the uni- 


Law all the time.” Class 


versity of alumni S and 10 years after gradua- 
on found that 80% thought the natural science 
ind! 90% felt that 


the lab experiments were meaningful 


ation was worthwhil 


And the courses could get even better. In 
2005, Japan's Ministry of Education awarded 
the Keio group a 4-year, $900,000 

supplemented by the university 


to develop 
nd to survey natural sci- 
cence education for nonscience majors both in 


new experiments 


Japan and overseas. “One of the objectives of 


sa possible model for 


the grant is to serve 


other universi 


s." says Minoru Omote, a 
Keio physicist who is leading the project. 

A model might not be sufficient, however. 
Student labs require benches, plumbing, and 
safety devices not needed in lecture halls. And 
the DNA experiment, for example, relies on 
centrifuges, hot-water baths, PCR cyclers. and 
Pipettes, as well as consumables such as 
Pipette tips and reag Akiyama also 
depends on three teaching assistants to help 


nts 


vise the students” lab efforts. Lab classes 


ke a lot of money and space, 
Akiyama. Given scarce resources, it may be 


says 


hard to spread Keio’s example, 
DENNIS NORMILE 
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NEWS 


Straight Talk About STEM Education 


Getting your hands dirty is one of many keys to a successful undergraduate 
education in the sciences, says this panel of U.S. educators 


SCIENTISTS FROM A VENERABLE WOMEN’S COLLEGE, AN ELITE 
liberal 
expanding urban university might seem to inhabit different worlds. 
But when Science invited environmental scientist Stephanie Pfirman 
of Barnard College in New York City, mathematic 
of Harvey Mudd College in Claremont, Ca 
Michael Summers of the University of Maryland, Baltimore County 


ts" school with a focus on science and engineering, and an 


in Daniel Gorolt 


fornia, and biochemist 


(UMBC), to participate in a roundtable discussion, the three dis 
ting 
describing their efforts to improve unde 


shed educators had no trouble finding common ground in 


uate science, technol 


nd math (STEM) education. Here isan excerpt of that 
The full text is available online at wwwsciencem: 
~JEFFREY MERVIS: 


conversation 


sciexVundergrad_education07, 


What are the challenges facing institutions trying to increase 
participation in STEM fields? 

Summers: We have 12,000 students at UMBC 
400 students 


and there can be 300 or 
a session of freshman chemistry. But when students 


With an interest in science and take these arses, 


turned off very quickly. They haven't figured out 


What it takes to excel at the college level, and it can be dish 


reni 


you come from a population that isn’t well represented in the sciences 


‘and you look around and see other students performing well 


What's the freshman experience like at Harvey Mudd? 
Goroff: All of our students come here expectin; 
a STEM field, and our core prog 
problems in the world. In 
¢ myth of a lone genius as the exemplar of what 


10 do somethin 


them toaddress 


im aims to pre 
we can do to 
akes to 


\ddition, anythin 


succeed in science and show them that science is done in connected 
communities rather than by someone holed away in an office really 
helps with the retention problem. 


Pfirman: For many liberal arts students. their only exposure is 
through a science requirement, Unfortunately, these classes have 
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often dumbed down the science. 
At Barnard, there are first-year 
seminars that had traditionally 
been offered by the English and 


id we 


humanities departme 


decided to offer one in the sei 
ences that sneaks in the science 
along with the rest of the subject 


matter, After the class, the students reported they felt er con: 


nection to science and sw a greater role for science in their lives, 


How hard is it to revise an intro course, and what are the 
limiting factors? 
Summers: Part of it is know 
Foundation] and HHMI [How 
funded pilot projects that 


what to do, NSF [National Science 
d Hughes Medical Institute] have 
re, in effect, experiments designed to modify 
re quaintitative, What's 
ta that show the impact of these programs. 


the curriculum, for example, to make 


needed now are the d 


Pfirman: 


aculty really want to be effective, It's not just \ 


at content 


isappropriate but also how to deliver it and how to assessiit, sot 


you 
can do a better job next time. .., What would really help is a way 10 
find out what's out there that has worked well. I was just looking fora 
lab module to go with a unit on the ocean's role in the carbon cycle. It's 
a fairly basic concept. But I couldn't find anything on the Web, 


What would you recommend for a faculty member who wants 
to do something but doesn’t know where to look? 
Summers: When we decided that we wanted to try to retain more 


students in chemistry, we looked at brid; a summer 


programs 
program for incoming freshmen 
Hal White at the University of Delaware has b 
with small groups. But these thin, 
ig assistants. So we had 


including how to study in groups. 
‘en doing good things 


cost money, and you need teach- 


the administration to get money to 
we've done it and put the results 
on the Web, I would hope that other faculty could take the data and 
show it to the dean and say, “This is what worked there, and I think 


lest this experiment, But now 


n do the same thing here.” 


faculty to get involved with nation: 
sense to reinvent the wheel, much less the flat 
is a network of young faculty 
s another such effort. 


Goroff: 1 encours: 
too. It doesn’t mal 
tire. Project Kaleidoscope [pkal.o 
ideas. Project Next [1 


DUpS, 


who are sh: 


Flying high. (Opposite page) Harvey Mudd students test carbon fiber poles and th 
Meyerhoff graduate fellows take a break from the lab for a 
sediment samples from the Hudson River bed near Manhattan 


UMBC is one of several institutions that are trying to increase 
retention rates among minority students and narrow the 
achievement gap. How is that working? 

Summer n Hrabowski, bega 
premise that there are a lary 


Our president, Free 


number of hil 


minority 


students, in particular African Americans, who are just not being 


retained once they enter college to study science, He goes after them 
13s them to campus with thei 
a Ph.D, degree 


raduated more than 300 students, a 


inhigh school, He by families, and we 
start talki 


Over the past 20 years, we've 


bout earnin 


large percentage of whom hav raduate degrees. 
And we've tried to quantify the experiment with controls, We br 
about 200 students to campus and make about 100 offers 
are full scho knowing that only about 30 will actually 
the program, And before wi 


make parents sign a waiver that says even if 


ike an offer, we 


you turn us down, we want to be able to track 
them, So now we have a database. It tums out 
that if 
offers from Ivy League schools and every- together all t 
they are half as likely to graduate 


0 elsewhere—and these kids get tury 


where else: 
with 
five times less likely to go to graduate school. 


science or math degree and more than 


Have you identified elements that make 
a difference? 
Summers: We haver 


‘tidentified what hap- 


pens to them on other campuses, But at 


UMBC, the top thing is making sure that 
they are academically successful in the 
freshman courses. It starts with a summer 
bridge, and it includes getting students 


involved right away with research projects. 
A lot of them have taken AP classes and 
could place out of chemistry. But they take 
nyway. And the key is 


well in those first courses. Because if 


the freshman courses, 
doi 
they are successful, then the research faculty 
are eager to get them involved in their labs. 


n outing to Harpers Ferry in West Virginia, (Above, 
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output of LED lights in a project forthe Federal Aviation Administration. (Above, lft) 
ight) Barnard’s Maggie Chan collects and characterizes 


What if they're not successful? 
Summers: There are counselors in their first semester who keep 
track of every pop quiz and test that students take. If they have 
problems, they are immediately p 


dup with other classmates 


who are doing well ina particular subject. And we pay seniors to be 


mentors. We'll also call the parents, and there’s a parents’ associa- 


tion that provides money and time. This is a group effort 


People have accused the program of cherry picking by only 
taking the most able students. What's your response? 
Summers: We are taking students who are most likely to succeed based 
school performance, But we are only takin 
12000 nominat 


‘a small fraction of 
pool ns a year and about 800 applications, 


approximately $0 slots}. So i 


a way, we are cherry-picking. But we 
don’tapologize for it. And we only take asmall 
percentage, People should be cherry-picking 
inevery state. 


Are environmental programs a good way 
to attract students into STEM fields? 

Pfirmans: I see the environment as the liberal 
science field of this century. It brings 
together all the disciplines, and you have a 


problem-solving focus that makes them nat 


urally work together, It also gives students a 


link to their own lives. 


How career-oriented are your students, 
and how much should they be? 
Pfirman: Wetry to give them the skills that will 
allow them tobe successful in anything they do, 
whether they're balancing a checkbook or 
training to be an environmental economist. 


Goroff: Nature doesn’t give us the great 
problems of the world labeled as physics or 


chemistry, So we want students to have that 
broad background. But having an in-depth 
experience is useful, too, 
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Even if students aren't thinking about careers, however, we need 


to be paying more attention to them, because the opportunity costs to 


go intoa science career are much different than for someone in China 
or India, We shouldn't be surprised if students are thinking about law 


school or business school if we haven't paid attention to finding ways 


of making a science career fulfilling and rewarding—and I'm not just 


talking about money—without first having to spend 10 ye: 


wluate student and a postdoc 


How career-oriented are UMBC students, and does that push 
them into or out of STEM fields? 

Summers: We have some students who have known since kindergarten 
' fine, But in general, | 


that they want to be a medical doctor, and thi 


We need to be carefull about pushing students into careers at too 


Tknow from talking to some of my graduate students from, 


countries that they are tested and channeled ata very early 


Sto have 


either science or nonscience tracks. [think it’s good for stude 
the opportunity to get excited by a course or a 
professor and have a chance 


imo science 


How well are institutions doing in tracking 
student achievement and what happens to 
them after graduation? 

Summers: I don't know ifthere’sany re 
ing of our 


track- 


eneral population once they leave. 
We certainly track those in our Meyerhoff 
Scholars Program. We know where they are in 
hey 


grad school and their postdoes and when 


apply for faculty jobs, because we want to 
know ifw 


are being successtl 
I don’t think we take the same scientific 
approach to our teaching responsibilities as 


x | 


we do toe rch. In research, we are eval 


uated based on our pe 
an NSF or NIH [National Institutes of Health] 
grant, we have certain objectives, and our 
peers look at those metries when they ju 

‘our proposals, and later on they ask if we b 


been successful. Well, a major part of our job 
ild be mandated from the 
as we approach our sei- 


isto teach and educate. I don’t think it sh 
top. But I think we should approach teachin; 


ence and think about what's important, If we're not retaining students 


in our own areas, then we're not doing our jobs. 


What does accountability mean at Barnard? 
Pfirman: One thing we do is track our majors, and we invite them 
back to talk about their careers. But we haven't asked them to reflect 
‘on What was it that made them choose a particular career path. We d 
an exit survey when they leave Barnard, but I think that their per- 


spective a couple of years out would be very valuable, 
We're also trying to understand better wha = 
their classes, We're working with the Consortium on High Achievement 
and Success to understand why, for example, minority students mig 
come in with high SATs but then tend to under 
large introductory courses. One interesting approach isto ask students to 
‘come up with a flow chart ora timeline to depict what they are studyin; 
(or to reflect on what they have learned. We're doi an environmen- 


t students are 


perform, especially in 


tal measurements class, in which students take samples from the Hudson 
River and analyze them, and it helps me to better evaluate their work, 
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| What can universities do to make teaching a more attractive 
| option for their STEM students? 

| Goroff: I run into STEM students all the time at the best institutions 
| who are passionate about their subjects and who would love to make a 
uit of teaching. But they have trouble fi out what a 


like that would look like, So I think we need to take some responsibil 

ity and think about how these labor markets work and in particular the 

type of communities that exist to support that goal, In many countries, 

beinga teacher isa very honorable and community-based activity, and 

ther all the time to improve their eraft, But that hap 

pens very little in the United States, and that’s too bad, There are some 
ams, like Math for America or Teach for Am 


teachers get tog 


see that progression and see how to make ita career: 


Is teaching seen as a successful outcome of the Meyerhoff 
| program, or is it more oriented toward research careers? 

‘Summers: I think that there is some tension there. We're trying to get 
‘our students to feel passionate about science, 
which involves doin, 


experiments, We brag 
about our students who go to graduate school 
at Harvard, So if'a student goes into the Lab 
and gets excited about doing research, will 

they have that opportunity if they decide to 

obably not, They will 

hi 
not a glamorous or well-paid profession, 


wi loads, and it's 


probably have hi 


The clinic program at Harvey Mudd is a 
good example of providing research 
opportunities for undergraduates. How 
does it work? 

th Goroff: It’s a signature program that has 
been going for more than 40 years, and it 

allows students to partner with industry or a 


federal lab or venture capitalists—people 


who have real problems that they need to 


find an answer to. The importance of having 
a client like that really makes a big differ 
We've ev 
bal activity, using videoconferencin 


turned the program into 
nid e-mail. It not only 
work in ways that employers and graduate 


ets them ready 
schools appreciate, it also allows students who may not have the 
highe 


grade point average to excel as part of a team. 
How do you make sure that they don’t become just another pair 
of hands? 

Goroff: We give away the intellectual property r 
trying to make money on this. We spend a lot of time working 
sponsors to pick problems that will work well for unde 
and we explain that sometimes finding out the or 

work can bea tremendously valuable experience- 


hts, and we're not 
ith 
aduates, 
didn't 
nda tremendous 


help to the company. too. 


There is continuing pressure on universities to eliminate 
programs aimed at special populations on the grounds that 
they discriminate against the majority population. Is that 
having an impact on the programs that you run? 

Summers: At UMBC. we have had to worry about that a little 
bit, When the Meyerhoff pro; 


ram began, it was specifically for 


black males, and then women, and then minorities in 
After the Banneker ruling [in 1994] shut down minority scie 
programs at the University of Maryland, we decided to op 
ram to all students who have an interest in diversity 
Ifa white student qualifies, they have 


the pro 


issues in the sciences. 


to decide if they want to do all the outre 
part of the Meyerhof? program 

city minority students in the K 
orif they would rather take a general m 
ow about 12 


th and activities that are 


such as servin 


5 tutors to inner- 
nd other monthly 


activities 


it scholarship 
from the university, The program is 
and 12% to 15% Asian 


Caucasian 


What about at Barnard? 
Pfirmai 
dents just me 


We are a women’s college, so opening it up to all our stu 


1s more women, But I’m also working on a project 


to advance women faculty, and one thing we've discovered is that 


programs to help women are also helpful for men, So we've 


opened up the programs to both men and women, althou; 


tend to get more women, 


How do you extend a program that’s existed for decades at one 
institution to the hundreds or even thousands of schools that 
might benefit from it? 

Summers: We're tryii 
and HHML to increase retention rates amon, 


to do that with a program funded by NIH 


underrepresented 


minorities, We've had three meetings, hosted and attended by insti: 


tutions that we felt were primed for chai 


institution f 


J. To participate, each 


st had to do a quantitative assessment of how wi 


and minorities are doi 


n their campuses. The inf 


easy to gi 


ind many said they were surprised at how poorly their 
institutions were doing with 
respect to the achievement of 
minorities and women once they 
saw the numbers, In January. 
there will be another meet 


the institutions to present the 
outcomes of things that they 
have put in place. 

We call this “taking the show 
on the road.” If you 


toa typ: 


ical scientific meetin 
might be 15,000 at the meetin 
But only about 30 would attend 


a session on diversity. And they 
are usually the same people 


After spending so much money for so many years trying to 


increase the number of minority scientists and seeing the number 


wo 2 nces, federal agencies 


They have been able to 


increase from maybe | i in the se 
know they have to do things differently 


build campfires at some institutions, and the question now is how 
do you fan the flam 


Pfirmay 
them accessible. 


ne critical need is to organize the resources and make 
Many 
improve teaching, but it’s hard to find that information. I know 
how to find out what's happening with Arctic sea ice. for exam- 
ple, but I don’t know how to find the resources I'm looking for in 
the 
societies, They have these big annual meetings, but it’s hard to 


nf us realize that there are ways to 


-ducational arena. We also need to en; 


e the professional 
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attract more than the usual suspects to sessions on diversity or 


education. If there was some way they could elevate the issue 


that would be great 


Why isn’t there sufficient national leadership now, and what 
can people do to make it happen? 

Goroff: | think it’s always fashionable in Washing 
trate on the dollar signs and to think that if we just spend more 
money, the leaders will appear and the programs will appear. But 
NIH afier the doubling of its 
which was a wonderful thing that is absolutely worthy of 
at deal of this winner-take-all 


on to cone 


if you look at what happened 


budge 
what you see is a 


our support 
kind of fundin 
Var 


schemes and the same people gett 


nore 


nts, 
her see us sendi 


s money to people who want to implement 


some of these good ideas at their institution, 


Summers: When we interview people for a position, some post- 
docs tell us that their adviser has warned them not to get too 
involved with undergraduates because they will end up spending 
too much time on teachi 


and that could ruin their career, Faculty 


at most research institut 


ons are evaluated on the basis of papers 


published and presentations at meetings and service on review 
panels. There’s a teaching component, but it's not weighted the 
same. And there’s no component at all that addresses mentoring 


students in your lab, 


What one or two things would you like to see happen in the 
next 5 to 10 years to improve undergraduate STEM education, 
and how would you measure it? 

Pfirman: | think it’s critical within each of our institutions that we 
have academic leaders on cam- 
pus who understand the value of 
ence and math and what 


science faculty 


If mor 


are willing to step up to those 
Ieadership positions, that could 

ake a big difference. We 
need to think of ou 


as learning communities and 


institutions 


get everybody involved in the 
learn 


Goroff: We've ment 
munity many times, And [ think 


that being part of something bigger than oneself is ver 
If we can dispel the myth of the lone genius workin 


appealing, 


and emphasize the social capital, that would be a step in the right 
Jirection. A second contribution would be more data about learn- 


ing and mentorit 


Summers: In science, sometimes making the big discovery means 


being in the right place in the right time, But when it comes to our own 


disciplines and our students, we're all in the right place at the right 

When a minority student makes a C 
% good, they've done all right.” we could bring 
“Why didn’t you make a B? How can you do 
then 


time to do somethin, rather 
than thinking 


them in 


better?” If we're not retaining the students that we're trainin 


we're in trouble 
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Are Women Really 
Than Men? 


More Talkative 


‘Matthias R. Mehl, * Simine Vazire,” Nairn Ramirez-Esparza,? 


Richard B. Slatcher,? James W. Pennebaker* 


have long been a topic of public and 

scientific interest (J, 2). The stereotype of 
wile talkativeness. is deeply engrained in 
Westen folklore and often considered a scien- 
lifie fact. Inthe first printing of her book, 
neuropsychiatrst Brizendine reported, “A wom 
an uses about 20,000 words per day. while 
rman uses about 7,000” (3), These numbers have 
since circulated throughout television, radi and 
print media (ext. CBS, CNN, National Public 
Radio, Newsweek, the New York Times, and the 
Washington Post, \nxleed, the 20,000-versus- 
7000 word estimates appear to have achicved 


S: diflerences in conversational behavior 


the status of a cultural myth in that comparable 
differences have been cited in the media for the 
past 15 years () 


In reality, no study has systematically recorded 
the natural conversations of large groups of 
peopl for extended periods of time. Consequent- 
ly, there haye not been the necessary data for 
reliably estimating differences in daily word 
Usige among women and men (5), Extrapolating 
from a reanalysis of tape-recorded daily con- 
\ersations from 183 participants trom the British 
National Corpus (6), Liberman recently esti- 
inated that women speak SKOS words andl men 
{6073 wonds per day. However, he acknowledged 
that these estimates: may be problematic because 
no information was available regarding when 
participants decided to turn off their manual tape 
recondens (4), 

ver the past 8 years, we have developed a 
method for recording natural language using the 
electronically activated recorder (EAR) (7). The 


EAR is a digital voice recorder that _unob- 
tnusively tracks people's real-world moment-lo- 
‘moment interactions. It operates by periodically 
recording snippets of ambient sounds, including 
conversations, while participants go about their 
daily lives. Because of the covert digital record- 
ing, itis impossible for participants to control or 
even to sense when the EAR is on or off, For 
the purpose of this study, the EAR can be used 
to track naturally spoken words and to estimate 
how many words women and men use over the 
course of a day 
In the default paradigm, participants wear 
the EAR for several days during their waking 
hours. The device is programmed to record for 
30s every 12.5 min, All captured words spoken 
bby the participant are transcribed. The number 
‘of spoken words per day can then be estimated 
bby extrapolating fom a simple word count, the 
number of sampled sound files, and the record 
ing time per sound 
addressed the question about sex difler 
ences in daily word use with data from six simples 
‘based on 396 participants (210 women and 186 
men) that were conducted between 1998 and 
2004, Five of the samples were composed of 
Uunivensty students in the United States, and the 
sixth, university students in Mexion. Table 1 pro- 
Vides background information on the samples 
along with estimates for the number of wonds that 
female and male participants spoke per day (3) 
‘The data suggest that women spoke on aver- 
16,215 (SD = 7301) words and men 15,669 
18633) words over an assumed period of, 


«sD 
fon average, 17 waking hours. Expressed in a 


Table 1. Estimated number of words spoken per day for female and male study participants across 
six samples. N= 396. Year refers to the year when the data collection started; duration refers to the 
approximate number of days participants wore the EAR; the weighted average weighs the respective 
sample group mean by the sample size of the group. 


common effectsize metric (Cohen's d = 0.07), 
this sex difference in daily wond use (546 
‘wonds) is equal to only 7% of the standardized 
Variability among women and men, Further, the 
difference does not meet conventional thresh= 
‘olds for statistical significance (P= 0.248, one- 
sided tes). Thus, the data fail 10 reveal a reliable 
sex difference in daily word use, Women and 
men both use on average about 16,000 words 
per day, with very lange individual diffs 
around this mean, 

A potential limitation of our analysis is that 
all participants were university students, The 
resulting homogeneity in the samples. with 
regan! to sociodemographic characteristics may 
have affected our estimates of daily word usage. 
However, none of the simples provided support 
forthe idea that women have substantially langer 
lexical budgets than men, Further, to the extent 
that sex differences in daily word use are as- 
sumed to be biologically based, evolved adapta 
tions (3), they should be detectable among 
university students as much as in more diverse 
samples. We therefore conclude, on the basis of | 
available en 
spread and highly publicized stereotype about 
female talkativeness is unfounded, 


neces 
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Wireless Power Transfer via Strongly 
Coupled Magnetic Resonances 


André Kurs,* Aristeidis Karalis,? Robert Moffatt,” }. D. Joannopoulos,” 


Peter Fisher,? Marin Soljacic* 


Using self-resonant coils in a strongly coupled regime, we experimentally demonstrated efficient 
nonradiative power transfer over distances up to & times the radius of the coils. We were able 
to transfer 60 watts with ~40% efficiency over distances in excess of 2 meters. We present 3 
{quantitative model describing the power transfer, which matches the experimental results to within 
5%, We discuss the practical applicability of this system and suggest directions for further study. 


Wire grid, Nikola Tesla (/) devoted much 

effort toward schemes to transport power wire- 
lessly, However, typical embodiments (c.g. Tesla 
coils) involved undesirably lange electric fickts 
‘The past decade has witnessed a surge in the use 
‘of autonomous electronic devices (laptops, cell 
phones, robots, PDAS, ete), AS a consequence, 
crest in wireless power hats remengad (2-1) 
Radiative transfer (5), although perfectly suitable 
information, poses a number of 
itliculties for power transler applications: The 
ciency of power transter is very low if the 
radiation is omnidirectional, and unidirectional 
raiation requires an uninterrupted Fine of sight 
and sophisticated tracking mechanisms. A recent 
theoretical paper (6) presented a detailed analysis 
‘of the feasibility of using resonant objects cou 
pled through the tails of their nonradiative fiekts 
for midrange enengy transfer (7). Intuitively, wo 
resonant objects of the same resonant frequency 
tend! to exchange energy efficiently, while dis 
sipating relatively lite eneruy in extrancous off 
objects In systems of coupled resonances 
acoustic, electromagnetic, magnetic, nucle 
an, there is oflen a general “strongly coupled” 
regime of operation (8), [Fone ean operate in that 
regime in a given system, the energy transfer is 
‘expected to be very elcient. Midrange power 
transfor implemented in this way ean be nearly 
‘omnidirectional and efficient, imespective of the 
geometry of the sumouinding space, with low ine 
terforence and losses into environmental objects (6) 

‘The above considerations apply imespective 
‘of the physical nature of the resonances. Here, 
Wwe focus on one particular physical embexliment 
magnetic resonances (9), Magnetic resonances 
are particularly suitable for everyday applica- 
tions because most ofthe common materials do 


I the early 20th century, before the electrical- 
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not interact with magnetic fickls, so interactions 
ith environmental objects are suppressed even 
further. We were able to identify the strongly 
pled regime in the system of two coupled 
magnetic resonances by exploring nonradiative 
(near-field) magnetic resonant induction at 
cgahertz frequencies At first glance, such 
power transfer is reminiscent of the usual ma 
netic induction (/0%, however, note that the 
usual nonresonant induction is very inetticient 
for midrange applications 

Overview of the formalism. Efficient mid- 
range power transfer occurs in particular regions 
fof the parameter space describing resonant 
objects strongly coupked to one another. Using 
coupled-mode theory to describe this physical 


system (/2), we obtain the following set of 


Fincar equations: 
Galt) = (ity ~ Von)imlt) + 
LS ikmda(t) +Falt) (1) 


Where the indices denote the different resonant 
‘objects. The variables aff) are defined so that 
the enengy contained in object m is gf), Oy 
isthe resonant angular frequency of that isolated 
object, and Iq is its intrinsic decay rate (C2. 
due to absomption and radiated losses). In this 
framework, an uncoupksd and undriven escilla- 
tor with parameters ey and Ty Wouk! evolve in 
time as expliong — of) THe Xe = Nam ate 
coupling coeflicients between the resonant 
‘objects indicated by the subscripts, and Fa) are 
driving tems, 

We limit the treatment to the case of two 
objects, denoted by source and deviee, such that 
the source (identified by the subscript S) is div 
en extemally at a constant frequency, and the 
two objects have a coupling coefficient x. Work 
is extracted from the device (subscript D) by 
means of a load (subscript W) that acts as a 
circuit resistance connected 10 the device, and 
has the effget of contributing an additional term 
Tw to the unloaded device objects decay rate 
Tp. The overall decay rate at the device is there- 
fore I’p = Tp * Fw. The work extracted is de- 
termined by the power dissipated in the load, that 


is, 2Twaap(t)?. Maximizing the efficiency of 
the transfer with respect to the loading Py; given 
Eq, 1, is equivalent to solving an impedance- 
rmuiching problem. One finds that the scheme 
works best when the source and the device are 
resonant, in which ease the efficiency is 


Fwlap) 


TslasP + (Up +Twilaol 


The efficiency is maximized when Twp = {1 

2 Iris easy to show thatthe ey 10 
transfer is to have 2 sCp > 1. 
This is commonly refered to a the stg coup 
ing regime, Resonance plays an essential role in 
this power tansfer mechanism asthe fii 
improved by approximately «/)* (10° for 
typical parameters) relative to the ease of induc- 
tively coupe nonresonant objects 

Theoretical model for self-resonant coils. 
Our experimental realization of the scheme con- 
sis of two self-esonant coils. One coil (he 


source col is coupled inductively to an oscilla 
ing circuit: the other (the device coil) is coupled 
inductively to a resistive load (12) (Fig. 1). Self 


resonant coils rely on the interplay between 
distributed inductance and distributed capaci- 
tance to achieve resonance. The coils are made 
of an electrically conducting wire of total length 
‘Land cross-sectional radius wound into a helix 


of m turns, radius r, and height To the best of 


four knowledge, there is no exaet solution for a 
finite helix in the literature, an! even in the case 
of infinitely long coils, the solutions rely on 
assumptions that are inadequate for our system 
(23), We have found, however, that the simple 
quasi-static model described below is in good 
agreement (within ~5%) with experiment, 

We stat by observing that the current must 
be zero athe ends of the coil, and we make the 
educated guess that the resonant modes of the 
coil are well approximated by sinusoidal current 
profiles along the length of the conducting wire. 
We are interested in the lowest mode, s0 if we 
denote by x the parameterization coordinate 
along the length of the conductor, such that it 
runs from ~(2 10 #172, then the time-dependent 
‘current profile has the form Jo coxes/) exp, 
It follows from the continuity equation for 
change that the linear charge density profile is 
of the form fg sin(zs//) expla), s0 that one-half 
of the coil (when sliced pemendicularly to its 
axis) contains an oscillating total charge (of 
amplitude go ~ 2o//x) that is equal in magnitude 
but opposite in sign to the charge in the other 
hal 

As the coil is resonant, the current and chang 
density profiles are 1/2 out of phase from each 
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‘other, meaning thatthe real part of one is maxi- 
rum when the real part of the other i ze. 
Equivalently, the energy contained in the coil 
is at certain points in time completely due to 
the current, and at other points it is completely 
due to the charge. Using electromagnetic 
theory, we can define an effective inductance 
L and an effective capacitance C for each coil 
as follows: 


jan [feet @) 
iF 


rll? 


[foe (4) 
oar 


\where the spatial current J¢r) and change density 
1p(r) are oblained respectively from the current 
and charge densities along the isolated coil, in 
‘conjunction with the geometry of the object. As 
defined, £ and C have the property that the 
‘energy U contained in the coil is given by 


jiven this relation and the equation of con- 
tinuity, the resulting resonant frequency is fo 
V2RiL.C)'7}. We can now treat this coil as a 
standard oscillator in coupled-mode theory by 
defining a(t) = (L2)'7 {ln 

We can estimate the power dissipated by 
noting that the sinusoidal profile of the current 
distribution implies that the spatial average of 
the peak current squared is fy". For a coil 
with 1 tums and made of a material with con 
ductivity , we modify the standard formulas 
for ohmic (Ry) and radiation (R,) resistance 
accordingly: 


Ry = 


fol 2 (“y ‘ a) ” 


‘The first term in Eq. 7 is a magnetic dipole 
radiation fem (assuming r << 2reve, where c 
is the speed of light) the second term is duc to 
the electric dipole of the coil and is smaller than 


Fig. 2. Schematic of the exper- 
imental setup. A is a. single 
‘copper loop of radius 25 cm that 
is part of the driving circuit, 
‘which outputs a sine wave with 
frequency 9.9 MHz. Sand D are 
respectively the source and de- 


the first term for our experimental parameters. 
The coupled-mode theory decay constant for 
the coil is therefore F = (Ry + RyV2L, and its 
quality factor is Q = «27 

We find the coupling coefficient ps by 
Jooking at the power transfemed from the source 
to the device coil, assuming a steady-state solu- 
tion in which curtents and charge densities vary 
in time as explion: 


Pros = | dets(e)-to(e) 


= JertAstey = vote) -dpir) 
“ Falla 
| Aste’) 


= -ialllsly 


ps(e') et 


(8) 


Where Mis the effective mutual inductance, o is 
the scalar potential, A is the vector potential, 
and the subscript S indicates that the electric 
field is duc to the source. We then conclude 
fiom standart coupled-mode theory arguments 
that Kps ™ Xsp = & © eaM/[2LsLp)"7}. When 
the distance D between the centers of the coils 
is much larger than their characteristic size, 
scales with the D™ dependence characteristic 
‘of dipole-dipole coupling. Both « and T are 
functions of the frequency, and «/T” and the 
efficiency are maximized for a particular value 
‘of £ which is in the range 1 to $0 MHz for 
typical parameters of interest. Thus, picking 
an appropriate frequency for a given coil size, 
as we do in this experimental demonstration, 
plays a major role in optimizing the power 
transfer. 

Comparison with experimentally determined 
parameters. The parameters for the two iden- 
tical helical coils built for the experimental 
validation of the power transfer scheme are f= 
20m, a = 3mm, ¢ = 30 em, and n= 5.25. Both 
coils are made of copper. The spacing between 
loops of the helix is not uniform, and we 
‘encapsulate the uncertainty about their uniform. 
ity by attributing a 10% (2 em) uncertainty to h. 
The expected resonant frequency given these 
dimensions is fy = 10.56 + 0.3 MHz, which is 


N 


vice coils referred to in the text. Bisa loop of wite attached tothe load (ight bulb). The various xs represent 
direct couplings between the objects indicated by the arrows. The angle between coil D and the loop A és 
adjusted to ensure that their direct coupting és zero. Coils S and D are aligned coaxially. The direct couplings 


between B and A and between B and S are negligible. 
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about 5% off from the measured resonance at 
9.90 MHz. 

The theoretical Q for the loops is estimated 
10 be ~2500 (assuming o = 5.9» 107 nvohm), 
but the measured value is OQ = 930 = $0, We 
believe the discrepancy is mostly duc 10 the 
effect of the layer of poorly conducting copper 
oxide on the surface of the copper wire, 10 
which the current is confined by the short skin 
depth (~20 jum) at this frequency. We therefore 
use the experimentally observed Q and Fs 
Tp =F = 20 derived from it in all subsequent 
computations. 

We find the coupling coefficient x experi- 
mentally by placing the two selEresonant coils 
(fine-tuned, by slightly adjusting /, to the same 
resonant frequency when isolated) a distance 
D apart and measuring the splitting in the fre- 
quencies of the two resonant modes. Aecord- 
ing to coupled-moxle theory, this. split 
should be Ae = 2{(x? — 7)". In the present 
‘work, we focus on the ease where the two coils 
are aligned coaxially (Fig. 2), although si 
results are obtained for other orientations (figs. 
SI and $2), 

Measurement of the efficiency. The maxi- 
mum theoretical efficiency depends only on 
the parameter x/[(LsLp)'?] = w/T, which is 
greater than | even for D-= 2.4m (8 times the 
radius of the coils) (Fig. 3), Thus, we operate 
in the strongly coupled regime throughout the 
entire range of distances probed. 

As our driving circuit, we use a standart 
Colpitts oscillator whose inductive element con- 
sists of a single loop of copper wire 25 em in 
radius (Fig. 1); this loop of wire couples ine 
dductively to the source coil and drives the entire 
wireless power transfer apparatus. The load 
consists of a calibrated light bulb (/4) and is 
attached to its own loop of insulated wire, which 
is placed in proximity of the device coil and 
inductively coupled to it. By varying the di 
tance between the light bulb and the dev 
‘we are able to adjust the parameter Pw/T" so th 
it matches its optimal value. given theoretically 
by [1 » OAT)". (The loop connected to the 


os 
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Fig. 2. Comparison of experimental and theoret- 

‘cal values for 1 as a function of the separation 

between coaxially aligned source and device coils 

(the wireless power transfer distance). 
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light bull adds a small reactive component 0 
Ty, which is compensated for by slightly retun- 
ing the coil) We measure the work extracted by 
adjusting the power going into the Colpitts 
‘oscillator until the light bul at the load glows at 
its fall nominal brightness, 

We determine the efficiency of the transfer 
taking phice between the source coil and the 
load by measuring the current atthe midpoint of | 
ach of the selFresonant coils with a current 
probe (which docs not lower the Q of the coils 
noticeably), This gives a measurement of the 
‘current parameters Js and Jp used in our the- 
‘orctical model We then compute the power 
dissipated in cach coil from Psp = TLilso*- 
and obtain the efficiency from n= Pw 
Po + Py). To ensure that the experimental 
setup is well deseribed by a two-object cou- 
pled mode theory moxlel, We position the de- 
View coil such that its direct coupling to the 
‘copper loop attached to the Colpitts oscillator is 
‘ow. The experimental results are shown in 
Fig. 4, along with the theoretical prediction for 
maximum efficiency, given by Eq. 2. We were 
able to transfer several tens of watts with the 
use of this setup, fully fighting up a 60-W 
Fight bulb from distances more than 2 m away 


‘Asa crosschck, we also measured the total 
power going from the wall power outlet into the 
Ariving cireuit. The efficiency of the Wireless 
transfer itself i hard to estimate in this way, 
however, as the efficiency of the Colpitts os 
cillator isc is not precisely known, although it 
is expected to be far from 100% (/5). Still, the 
rato of power extmeted to power entering the 


stance of 2 m, for example, the power 
flowing into the driving circuit is 400 W. This 
‘elds an overall wall-to-load efficiency of 15%, 
‘hich is reasonable given the expected efficien- 
ey of 40 to S0% for the wireless power trans- 


Os 


10025 
Distance (cm) 


150 175 200235 


Fig. 3. Comparison of experimental and theoret- 
‘cal values forthe parameter "as a function of 
the wireless power transfer distance. The theory 
values are obtained by using the theoretical x and 
the experimentally measured I’. The shaded area 
represents the spread in the theoretical x/T due to 
the 5% uncertainty in Q. 
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fer at that distance and the low efficiency of 
the Colpitts oscillator. 

Concluding remarks. It is essential that the 
coils be on resonance for the power transfer to be 
practical (6). We find experimentally that the 
power transmitted 10 the load drops sharply as 
either one of the cols is detuned from resonance. 


‘A detailed and quantitative analysis of the 
fleet of extemal objects on our scheme is be- 
‘yond the seope of this work, but we note here 
that the power transfer is not visibly aflected as 
‘humans and various everyday objects, such as 
metals, wood, and electronic devices large and 
small, are placed between the two coils—even 
in cases where they completely obstruct the 
ight between source and device ( 
'S3 to S3). Extemal objects have an 
effect only when they are within a 
timeters from either one of the coils. Some 
materials (such as aluminum foil, Styrofoam, 
and humans) mostly just shift the resonant fre~ 
‘quency, which can in principle be easily cor- 
rected with a feedback circuit; other materials 
(cardboard, wood, and polyvinyl chloride) lower 
Q when placed chaser than a few centimeters 
from the coil, thereby lowering the efficiency of 
the transfer. 

When transferring 60 W across 2 m, we eal 
culate that at the point halfway between the 
coils, the root mean square (RMS) magnitude of 
the electric fickd is Eyes = 210 Vim, that of the 
magnetic field is Hyyas = 1 A/m, and that of the 
Poynting vector is Spyts ~ 3.2 mWiem? (/6). 
These values increase closer to the coils, where 
the fields at source and device are comparable 
For example, at distances 20 em away from the 
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Distance (om) 
Fig. 4. Comparison of experimental and the- 
retical efficiencies as functions of the wireless 
power transfer distance. The shaded area rep- 
resents the theoretical prediction for maximum 
efficiency and is obtained by inserting the the- 
retical values from Fig. 3 into Eq. 2, with Twp. 
[1 + (707). The black squares are the max- 
imum efficiency obtained from Eq. 2 and the 
‘experimental values of wT from Fig. 3. The red 
dots present the directly measured efficiency, as 
described in the text. 
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surface of the device coil, we calculate the maxi- 
‘mum values forthe Fields to be Egyts = 1-4 kV/m, 
Hasas ~ 8 Am, and Sagas ~ 0.2 Wem. The 
power radiated for these parameters is ~5 W, 
‘which is roughly an order of magnitude higher 
than cell phones, In the particular geometry that 
‘we studied, the ovenvhelming contribution (by 
fone to two onders of magnitude) 1 the elkctie 
ncarfickl, and hence to the near-field Poynting 
vector, comes from the electric dipole moment 
of the coils. If instead one uses a capacitively 
Joaded single-tum loop design (6)—which has 
the advantage of confining nearly all of the 
electric field inside the capacitor—and tailors 
the system to operate at lower frequenc 
calculations show (/7) that it should be pos- 
sible to reduce the values cited above for the 
lectric and magnetic fields, the Poynting vector, 
and the power radiated so that they fall below 
fed by general safety regulations 
safety standards for general public 
exposure (18) 

Although the two coils are currently of iden 
tical dimensions, itis possible to make the deviee 
coil small enough 1 ft into portable devices 
without decreasing the efficiency, One could, for 
instance, maintain the product of the charac- 
teristic sizes of the source and dviee eoils con- 
stant, as argued in (6), 

We believe thatthe efficiency of the scheme 
and the power transfer distances could be appre- 
ciably improved by silver-plating the coils, which 
should increase their Q, orby working with more 
claborate geometries for the resonant objects (/9), 
‘Nonetheless, the performance characteristics of the 
system presented here are already at levels where 
they could be useful in practical applications, 
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Sea Anemone Genome Reveals 
Ancestral Eumetazoan Gene 
Repertoire and Genomic Organization 
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Sea anemones are seemingly primitive animals that, along with corals, jellyfish, and hydras, 


constitute the oldest eumetazoan phylum, the Cnidaria. Here, we report a comparative analysis of 
the draft genome of an emerging cnidarian model, the starlet sea anemone Nematostella 
vectensis. The sea anemone genome is complex, with a gene repertoire, exon-intron structure, and 


large-scale gene linkage more similar to vertebrates than to flies or nematodes, imp 


that the 


‘genome of the eumetazoan ancestor was similarly complex. Nearly one-fifth of the inferred genes 
fof the ancestor are eumetazoan novelties, which are enriched for animal functions like cell 
signaling, adhesion, and synaptic transmission. Analysis of diverse pathways suggests that these 
‘gene “inventions” along the lineage leading to animals were likely already well integrated with 
preexisting eukaryotic genes in the eumetazoan progenitor. 


I living tissue-graide animals, or eu 
Az are descended from the last 
commen ancestor of bilaterians (Iie, 
worms, snails, and humans), enidarians (anem- 
‘ones, jellyfish and hy dra, and eteniophores (coms 
jellies) (1, 2), This eumetazoan ancestor lived 
perhaps 700 million years ago. Although it is not 
preserved in the fossil record (3), we ean infer 
rnuny of its characteristics flaglsted sperm, de- 
‘elopment through a process of gastrulation, mul 
tiple gem layers, true epithelia ying upon a 
basement membrane, fined st (enteten). a neuro 
stem, multiple sensory systems, and 
Ines-- because these conserved fea- 
tures are retained by its modem descendants, 
Similarly, we can characterize the genome of 
this long-extinet eumetazoan progenitor by eom- 
paring modem DNA and protein sequences and 
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identifying conserved ancestral features that have 
an intrinsically slow rate of change andor are 
preserved by selective pressures. Comparisons 
(4-6) between fruit fy, nematode, and vertebrate 
‘genomes reveal greater genomic complexity 
the vertebrates [and other deuterostomes (7, 8)} 
as measured by gene content and structure, but 
the same time show that many genes and net- 
works are shared across bilaterans. Probing the 
ancestral eumetazoan genome requires sequences 
from even deeper branches of the animal tree, 
‘comparing bilaterian and nonbilatrian phyla, 

In comparison with bilaterians, cnidarians ap- 
‘pear morphologically simple. The phylum is de- 
fined 2) by a sac-like body plan with a single 
‘oral opening, two epithelial tissue layers, the pres- 
cence of numerous tentacles, a nerve nt and the 
characteristic sti ls (enidocytes, literally 
translated as “nettle cells”) that give the phylum its 
name (fig. S1.1G), The class Anthozoa (“Tower 
animals”) includes diverse anemones, corals, and 
sea pens, all of which lick a matust stage. The 
‘other cnidarian classes are united by their pelagic 
medusa and characteristically linear mitochon- 
drial genomes (9) into the Medusozoa, including 
Hydra and related hydroids, jellyfish, and box 
jellies. The disparate bilatrian phyla of the early 
Cambrian suggest a Precambrian divensence of 
the enidarian lineage from the bilaterian stem, and 
indced some of the oldest animal body and em- 
‘eyo fossils are plausibly relics of stem cnidarians 
[reviewed in (10, 11). 


‘Among Anthozoan cnidarians, the startet sea 
anemone Nematostela vectensis is an emerging 
‘mode! system (/2, /3). This estuarine burrowing 
anemone is found on the Atlantic and Paciti 
coasts of North America, as well as the coast of 
southeast England (14), Nematastella cultures 
fre easily maintained in the laboratory: with 
separate sexes, inducible spawning, and extemal 
fertilization (2, 15), embryos are available 
‘throughout the y 

Although cnidarians are often eharacter- 
ized as simple oF primitive, closer study of 
Nematostella and its relatives has. revealed 
considerable molecular (/6-19) and morpho- 
logical complexity (/3), Based on expressed 
sequence tag (EST) analyses (17, 18) and the 
targeted study of specific gene familie 
[reviewed in (13, 16, 20-22)), signaling 
‘ways and transcription fictors involved in the 
carly patieming and development of bilaterians 
are present in cnidarian genomes and are ac- 
tive in development (/3, 23-28), indicating that 
these pathways and regulatory. mechanisms 
predate the cumetazoan radiation, Perhaps most 
notably, genes that establish the main body 
ayes in bilaterian embryos are also expressed 
asymmetrically in Nematostella development, 
even though cnidarians are conventionally 
viewed as radial animals [for a critical dis- 
eussion, see (29)] 

Here, we report the draft genome of the 
starlet sea anemone and use its gene repertoire 
and genome organization to reconstruct features 
of the ancestral cumetazoan wenome. Analysis 
of the Nematastella genome in the context of 
sequences from other cukaryotes reveals the ge= 
nomic complexity ofthis lst common enidarian- 
bilatcrian ancestor. The emenging picture from 
the genome and EST studies (/7, 18) is one of 
extensive conservation in gene content, structure, 
and onganization between Nemarostella ane ver 
tcbrates. We show that even chromasome-seale 
Finkage has been preserved between Nematostella 
and vertebrates, These are the most ancient con- 
served finkages known outside of prokaryotic 
‘operons. In contrast, the fruit fy and nematode 
model systems have experienced extensive gene 
loss ( on loss (30), and wenome rearrange- 
ment. Thus, from a genomic perspective, the 
ceumetazoan ancestor more closely resembled 
modem vertebrates and sea anemones, 


‘Nematostella Genome Assembly and Gene Set 
The draft sequence of the Nematostella genome 
\was produced with the use of a random shotgun 
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strategy (31) from approximately 6.5-fold 
redundant paired-end sequence coverage from 
several shotgun libraries of a range of insert 
sizes derived fom a single mating pair with 
~0.8% allelic variation. [For a detailed discus- 
a of polymomhism, sce supporting online 
material (SOM) text (32)]. The total assembly 
7 megahases (Mb), with half of this 
in 181 scaffolds longer than ~470 kb. 
Metaphase spreads indicate a 
some number of 2n = 30 (ig. $2.4). Cumently 
there are_no physical or genetic maps of 
Nematostella, so we could not reconstruct th 
‘genome as chromosomes. Nevertheless, because 
half of the predicted genes are in scaffolds eon- 
taining 48 oF more genes, the present draft as- 
sembly is sufliciently long-range to permit useful 
analysis of synteny with other species, The 
typical locus in the draft genome is in a con 
‘ous gap-trce stretch of nearly 20 kb, Com- 
parison of the assembled sequence with open 
reading frames derived from ESTS shows that the 
assembly captures ~95% of the known protein- 
coding content (32), Although approximately 
hitd of the shotgun sequences Went not 
assembled, they couk! typically be characterized 
as derived from long (100 kb) tandemerepetitive 
minisatelite arrays suggestive of heterochro- 
‘matin, implying a total genome size of ~450 Mb 
(32), 

‘We estimated that the Nematostelle genome 
‘contains ~18,000 bona fide protein-coding genes, 
comparable to gene counts in other animals, 
‘Combining homology-based and ab initio meth- 
‘ods with sequences from more than 146,000 

STs, we predicted ~27,000 complete or partial 


Fig. 1. Bayesian phylog- 
eny of Metazoa. Bayesian 
analysis infers. metazoan 
Phylogeny and rate of 
amino acid. substitution 
from sequenced genomes 
based on 337 single-copy 
‘genes in Cina intestinalis 
(ea squirt), Takifugu 
rubripes. (fish), Xenopus 
tropicalis (rg), human, 
Lottia gigantea (snail, 
Drosophila. melanogaster 


sie (yeas. All nodes were 
resolved as shown in 
100% of sampled top- 
‘ologies in Bayesian analy- 
sis, The scale bar indicates, 


‘protein-coding transcripts in the genome (32). 
More than 12,000 of these are found in robust 
eumetazoan gene families and are therefore 
supported as orthologs of genes in other animals. 
Whereas ~22,000 of all predicted genes have a 
significant alignment (Basic Local Alignment 
Search Tool (BLAST) ¢ value < 10°] to known 
‘proteins in SwissProt/Trembl and therefore have 
some homology support, analysis of a random 
sampling of genes suggests that some of these 
appear to be gene fragments, possible pscudo- 
‘genes, relics of transposable clements, or allelic 
Variants, leading to a discounting of the tre ge 
‘count to ~18,000 (32). More than 25% of the 
genome is composed of repetitive elements that 
are mutated inactive transposable elements, in- 
cluding DNA transposons and both long terminal 
repeat (LTR) and non-LTR retrotransposons 
(table 


The Ancestral Eumetazoan Gene Set 
By comparing the gone compkannt of Neato 
With other metazoans, we attempted to recon- 
struct the gene repertoire of the cumetazoan 
(i.e. enidarian-bilaterian) ancestor and to infer 
the gains, losses, and duplications that occurred 
‘both before and affer the eumetazoan radiation, 
To approximate the gene repenoine of the cu- 
metazoan ancestor, we constructed 7766 putative- 
ly orthologous gene families that are anchored 
by reciprocal bestscoring BLAST alignments 
(33) between genes from anemone and one oF 
more of fly, nematode, human, frog, oF puller- 
fish (32), Each family thus represents a single 
gene in the cumetwasin ancestor whose de- 
scenudants survive in recognizable form as mod- 


0.1 expected changes per site 


the expected number of amino acd substitutions per aligned amino acid postion. E, the eumetazoan 
(cnidarian-bilaterian) ancestor: B, the bilaterian (protostome-deuterostome) ancestor. The number of new 
‘genes (+), genes created by gene duplication (dl), and the total number of reconstructed ancestral genes ofthe 
recent common ancestor (N) are labeled for $1 and S2, the eumetazoan and bilaterian stems, respectively (2). 
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cm genes in both cnidarians. and bilaterians, 
‘These families account for a substantial fraction 
of genes in modem animals: We estimated that 
nearly two-thinds of human genes (13,830) ane 
descended fiom these progenitors through sub- 
sequent gene family expansions along. the hu- 
‘man lineage, and a comparable number (12,319) 
of predicted Nematostella genes arose by inde- 
pendent diversifications along the enidarian 
Franch, but ony 7309 (~SO%) and 7261 (40%) 
‘were found in Drosophila and Caenorhabditis 
elegans, respectively. Given that we cannot eap- 
ture genes that were present in the cumetazoxin 
progenitor but became highly diverged or lost in 
fone or more sequenced descendants, our re- 
constructed ancestral gene set is. novessa 
incomplete, but it nevertheless provides 
starting point for further analysis 

Of the 766 ancestral eumetazoan gene fami- 
lies, only 72% (3626) are represented in the 
comple genomes of all three major modem 
ccumetaznan lineages: eniarians (i, Nemarostella), 
provostomes (i.e., Drosophila and or C elegans), 
and deuterostomes (requiring presence of at least 
two of pulferfish, frog, and human). We found 
1292 eumetazoan gene families that had detect- 
able descendants in anemone and at least (wo of | 
the three vertebrates, but that appeared to be 
fly and soil nematode. This 
were either lost or highly 
diverged in both of these model protostomes, 
extending the list of such genes found in ES 
studies (7, 18), The forthcoming genome 
sequences oF crustaceans, annetids, and mollusks 
‘will help address which of these genes survived 
in the protostome lineage but were convergently 
Jost in Mies and nematodes. In contrast, only 33 
genes were found in Nematosiella and beh 
Drosophila and C elegans, but not in any 
vertebrate. These results represent putative deu- 
terostome of vertebrate foss, indicating a much 
ower degree of gen loss in the vertebrates than 
in the cedysozoan model systems. We found 673 
gene families that were represented in model 
protostomes and vertebrates but not in Nemato~ 
svella, These are candidates for bilaterian novel- 
ties, but some will no doubt tum ut to be losses 
‘or divengent sequences in Nematostella 


‘Molecular Evolution of the Eumetazoa 

To address evolutionary relationships between 
animals, we infered the phylogeny of Metwzoa 
bby combining Nematastella data with available 
‘genomic sequences fiom diverse animals, using a 
subset of 337 single-copy genes suitable for deep 
phylogenctic analysis (32), In Fig. 1, rel 
branch lengths represent the accumulation of ami- 
no acid substitutions in each Hineage across this 
set of proteins. Our whole-genome analysis ewups 
‘the fit fly with the soil nematode, in support of 
the superphylum Ecdysozoa, a major element of 
the “new animal phylogeny” (34), in contrast 
With other whole-genome-based studies. that 
support an carly branching acoelomate clade 
that includes C. elegans (35, 36), As expected, 
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the two cnidarians Nematostella and Hivdra forma 
monophyletic group that branched off the meta- 
~zoan stem before the radiation of bilaterians. The 
depth of the Nematostella-Hfvudre split (com 
parable 10 the protostome-dcuterostome di- 
Vergence) emphasizes the distant relationship 
between amhoznans and hydrozoans. This sup- 
Ponts the paleontological evidence that the radi- 
ation of the cnidarian phylum is quite ancient (37) 
and suggests that substantial variation in. gene 
‘content and gene-family diversity may be found 
\when the anemone genome is compared with that 
of the hydrozoan Fila. For convenience, here 
\we reler to the last common ancestor of enidarians 
and bilaterians as the cumetazoan ancestor, 
although the precise phylogenetic placement of 
‘tenophores may revise this designation. 

Long branch lengths, indicating increase ley 
cls of sequence divergence, were found along the 
fly, nematode, and sea squint Fineages, consistent 
‘with systematic tends observed in BLASThased 
analyses of ESTs (17, /8). The sea anemone so- 
‘quences, however, appear to be evolving at arate 
comparable 10, oF even somewhat slower than, 
vertebrates, Although accelerated rites of molec 
lar evolution have been documented in Mics and 
echinoderms (38) relative 10 vertebrates, our 
analysis does not support the extrapolation of 
these higher rates to all invertebrates, With the use 
‘of our branch lengths, a very crude mokeular 
‘lock interpolation based on the eukaryotic time 
scales of Douzery et al. (39) suggests that the 
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‘eumetazoan ancestor lived ~670 to $20 million 
‘years ago (32). This very rough estimate has 
humerous eaveats—most notably tha there n0 
‘guarantee that the rate of protein evolution was 
‘constant on the cumetazoan stem but provides 
at rough time scale forthe eumetazoan radiation, 


Conservation of Ancient Eumetazoan Introns 


Comparison of Namatostlla genes to those of 


‘other animals reveals that the ancestral cumeta- 
‘zoan genome must have been intron-rich, with 
‘gene structures closely resembling those of mod- 
fem vertebrate and anemone genes, Introns that 
are shared between Nematostella and vertebrates 
and/or other bilaterians are most parsimoniously 
interpreted as conserved ancicnt cumetazoan in- 
‘rons (40). Not only are the numbers of exons per 
gene similar between Nematosiela and verte- 
‘brates, but the precise location and phase (ie., the 
positioning of the splice sites relative tw codon 
boundaries) of introns are also highly conserved 
‘between the anemone and human (Fig. 2A), With- 
inalignable regions, nearly 81% of human introns 
are found in the same position and phase in 
ematostella: conversely, 82% of the anemone 
introns are found in orthologous positions. in 
human genes (32), Whereas intron conserva- 
tion between the annelid Plannereis and. verte- 
‘brates implics that the Protostome-Deuterostome 
ancestor was intwor-rich (30), the analysis of 
Nematostella extern this result to the cumeta- 
oan ancestor. 


Using whole-genome data sets, we estimated 
the tempo of intwon evolution across metazcan x= 
). Figure 2B shows inton gain and loss 
‘vents inferred by weighted parsimony analysis of 
22645 intron positions that lic within highly con- 
sened protein sequence in five representative ani- 
‘mas, the flowering plant Arabidopsis, and the 
rebtively inton-ich fungus Cryrooncens neofer~ 
‘mans (32). Athough fing and animals are phyko- 
gnatically ner to each other than either group is to 
plants, fungi are not by themselves a sufficient 
cutgoup for characterizing the history of cu 
metaoan introns, given that there ane putative 
ancient eukaryotic introns shared by modem animals 
‘nx plants that ve evidently been lost in fang (4) 
Although many cumetazoan introns are evi- 
dently of ancient cukaryotic origin (41) for 
example, nearly 26% of human and Nemztoxtella 
introns are conserved with Arubidopsis, and 24% 
‘with Crplococeie—the remainder appear 10 be 
shared only by animals, These animal introns are 
‘most pursimoniously accounted foray gains on the 
ceumetazean stem, as shown by the long “ain 
tranch in Fig, 2B, We cannot rule out the pos: 
sibility, however, that such apparently” animal 
specific introns were indeed present in the ast 
‘common ancestor of plants, fungi, and animals, but 
‘were convergently fest in both plants and fungi 
Within animals, intron gains range fiom 8 to 22% 
ielative to the content ofthe eumetazoan ancesto 
‘Thus, assuming ~8 introns per ancestral gene, ~1 
novel intron has been intioduced in a typical 


‘Ancient non corservedin at! Ancientintron ost inties and Ancentintron lost fungus, fies, Animal inron lot in las, 
‘species nematodes iematodes and sea squirts | nematodes and sea squirts, 
Fig. 2. Patterns of intron evolution in eukaryotes. (A) Examples of 
different patterns of intron gain and loss. Bars of the same color represent 
conserved regions across all species. Chevrons indicate introns and the st \eetaease 
number below the chevron shows the phase of the intron. (B) Branch & seed sicesl cha piesa 
lengths proportional to the number of inferred intron gains (left), and 
intron losses (right) under the Dollo parsimony assumption that introns Fungus 
with conserved position and phase were gained only once in evolution. is 
The bottom scale indicates the change in intron number for gains (left) ase 
‘and losses (right), relative to the inferred introns of the eumetazoan Frit ty 
ancestor. Based on a sample of 5175 introns at highly conserved protein sen syirt 
sequence positions from Arabidopsis thaliana (plant), Cryptococcus 
neoformans (fungus), C. elegans (nematode), D. melanogaster (fly), C. Human 
intestinalis (sea squirt), Homo sapiens (human), and Nematostella (32). Nematostolla, 
0 1 20 90 80 70 60 80 40 90 2010 0 
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modem animal gene since the cumetazoan 
radiation, a rate of approximately ~10 introns 
per zene per year, which is comparable to the rate 
‘of gene duplication per locus per year (42) 

In contrast to intron gains, which seem to 
‘occur more oF ss uniformly across animal phyla, 
some lineages appear to have experienced exten- 
ive intron loss, notably the fly, nematoxk, and sea 
squirt, which have each discarded 50 10 90% of 
inferred ancestral eumetazoan introns. It remains 
to be seen whether the introns absent in both fly 
and nematode are the esult of ancient loss in the 
ceedysoman sem lineage (he most parsimonious 
‘explanation, shown in Fig. 2B) or are convergent 
(independent) losses in Mies and nematodes. We 
«ean rule out ancient loss on the protostome stem 
‘on the basis of the results of Raible et al (30) for 
the annelid Planneneis, which showed that the 
ancestral protosiome genome was intwon-tich. 


Conservation of Ancient Eumetazoan 
Linkage Groups 

‘Conserved linkage groups representing ancestral 
vertebrate chromosomes can be defined by com 
paring fish and mammalian genomes and ge- 
ups. despite the presence of only mexdest 
nents of conserved ene onder (43, 44). Sim- 
ny, limited conservation of synteny is recog 
nizable within insects [such as between fies and 
bees (45)). Between animal phyla, however, no 
large-scale conserved synteny has been identifi 
suggesting that signals of the ancestral eumeta- 
oan genome organization were erased by sub- 
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Fig. 3. Conserved synteny between the human and anemone genomes. (A) 
The human genome, segmented into 98 regions whose linkage has not been 
broken during chordate evolution. Colored segments indicate statistically 
significant conservation of linkage between human and Nematostella, Red 
segments are members of the 12 compact PALs labeled A to L. Green 
segments fall into the diffuse 13th PAL (32). White segments do not show 
significant conservation of linkage. (B) Conserved linkage between human 
chromosomal segments and Nematostella scaffolds in the first PAL (which 
includes the human Hox clusters). Nematostella scaffolds 26, 61, 53, 46, 3, 


sequent chromosomal breaks and translocations 
along the various lincages. Despite extensive lo- 
cal scrambling of gene order. we find extensive 
‘conservation of synteny between the Namatsella 
and vertebrate genomes, allowing the identifica- 
tion of ancient eumetazoan linkage groups. 

Reasoning that the prevalence of intrachro- 
mosomal inversions and rearrangements (46) 
might scramble local gene onder yet preserve 
linkage, we searched for lange-scale conserved 
synteny—thatis, sets of onhologous geneson the 
same chromosomal segment in their respective 
genomes, regardless of gene onder, To remove 
confounding signals from recent rearrangements, 
\we used comparisons with the genomes of other 
chondates to identify 98 human segments that do 
not appear to have undergone recent breaks oF 
fasions (Fig. 3A and fig. S7.1) (32). These 
segments span 86 of the human genome. The 
human genome was selected as a reference be- 
‘caus it is known f0 have a slow rate of ehro- 
mosome evolution relative 1 other mammals 
(46) sox has preserved chromosomal segments 
relative to teleost fish (43). To search for ancient 
conserved Finkages across eumetama, we then 
‘compared these human genome segments to the 
assembled Nemutastella scaffokls, using a statis- 
tical test for distinguishing significant enrichment 
for genes linked in both species. 

For every scaflold-seement pair, we tabulated 
the number of predicted ancestral eumetazcan 
genes with descendants found in both the 
Nematostela scaffold and burman segment. This 
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‘number of shared orthologous genes was com- 
pared to a null mode! in which the scaffolds and 
sczments have gene content independently drawn 
fiom the ancestral set, The “Oxford grid” shown 
in Table 1 shows not only that there are many 
scaffold-seement pairs with a significant excess 
of shared ancestral genes, but that the anemone 
scaffolds and human chromosome segments 
can be grouped into classes, such that sealTold- 
segment paits drawn from the same class are 
likely to have a significant excess of shared an- 
cxstral genes (32). Each class is most easily in- 
tempreted as collecting together seements of the 
present-day Nemaostella and human genomes 
that descend from the same chromosome of the 
cumetazoan ancestor, and therefore defines. 
Putative ancestral cumetazoan linkage group 
(PAL). The complete Oxford grid: showing all 
13 eumetazoan PALS is shown in table S7.2, 
The conserved linkage is extensive, and it 
accounts for a lange fiaetion of the ancestral 
cumetazoan set. OF the 4402 ancestral eumeta- 
zoan gone families represented in the largest 
anemone scaffolds and human segments (i. 
the genomic regions large enough to permit 
statistically significant analysis and_ therefore 
cligible for consideration in our analysis), more 
than 30% (1336) participate in a conserved 
linkage group, This isa lower bound on the true 
extent of the remnant ancient linkage groups 
because the length of the Nematastlla seals 
and the use of conservative statistical eriteria 
limit our analysis. A. more sensitive appresich ean 


a ss 
SK 
WS 


sex 


‘and 5 (red arrows) and human chromosomes 17, 12, 10, 7, and 2 (blue arrows) are shown with length proportional to the number of genes descended from 
the inferred ancestral set. Lines, color-coded by Nematostella scaffold, join the positions of orthologous Nematostella and human genes. The five segments of 
the human genome that are grouped into PAL A are indicated by black boxes. Red lines indicate the positions of the four human Hox clusters, 
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assign more than twice as many ancestral genes 
toa PAL (32), The 40 human segments that show 
conserved synteny with Nematostella cover half 
fof the human genome. Within such human 
segments, typically 40 to 50% of eumetazoan- 
derived genes have counterparts in syntenic 
Nematostella segments, and vice erst. This is 
4 notable total, given that any chromosomal 
fusions and subsequent gene order scrambling on 
cither the human oF Nematostella Yineawe during 
their ~700 million years of independent evolution 
‘would attenuate the signal for linkage 

‘The observation of conserved linkage groups 
is most easily explained as the remnants of large 
ancestral chromosomal segments containing hun- 
dreds of genes that have evolved without obvious 
‘constraint on gene order within cach block. Seven 
fof the PALS link anemone scaffolds to multiple 
rogions of the human geniome in. a manner eon 
sistent with multiple large-scale duplication 
‘events along the vertebrate Tinea [reviewed in 
(47), These seven PALS represent the ancestral 
(preduplication) linkage of these regions, The ex- 
tent of this conserved linkage suggests either that 
the neutral rate of interchromosoral translocations 
is low (om the onder of a few breaks or fasion per 
chromosome since the eumetazoan ancestor, 
excluding intrachromosomal rearangements) oF 
that selection has acted to maintain linkage of 
large groups of genes, perhaps constrained by 
higher-level chromosomal onganization (48) 
and/or long-range gene regulation (49), 

‘An ancestral linkage group of particular in- 
terest includes the human Hox clusters of 
homeobox. transe factors that regulate 
janteriot-posterior identity in bilaterians, Putative 
Hox genes in. Nemarostella and other enidarianss 
are also expressed in spatial pattems consistent 
\with an ancient role in embryonic development 
(50-52), Tetrapods have four Hox clusters that 
“arse by duplication onthe vertebrate stem — How 
{human ehomosorne 7p15.2), HonB (1742.32), 


Table 1, Detail of the “Oxford grid” which tabulates the number of 
ancestral gene clusters shared between the 22 Nematostella scaffolds value < 0.01 (" 
(columns) and 14 segments of the human genome (rows) that are 


HoxC (12q13.13), and HoxD (2g31.1)—which 
all appear in the sume cumetazoan PAL, linked to 
ight Nematostella scaffolds (Fig. 3B), defining 
the ancestral genomic context for Hox genes. 
Nematostella has several clusters of homeobox 
‘genes (52-54), but only thase on scaffolds 3 and 
61 are embedded within the ancestral cu- 
metazoan Hox context, providing independent 
support for the assignment of these homeobox 
genes as bona fide Nematostella Hox genes 
(50, 52, 53, 35). There is an extensive block of 
$ ancestral senes table S73) that were linked 
to Hox in the cumetaman ancestor and have 
retained that linkage in both the modem human 
and anemone genomes. 


Origins of Eumetazoan Genes 
Where did the cumetazoan gene repertoire come 
fivwn’? Nearly 0% (61%2 out of 7766) of the 
ancestral eumetazoan genes have clearly ideifiae 
‘be relatives (ic proteins with significant sequence 
homology and conserved domain architecture) 
‘outside of the animals, including fungi, plant, 
slime molds, ciliates, or other species available from 
ppablic data sets (32), These ane evidently members 
‘of ancient eukaryotic gene families that were 
already established in the unicellular ancestors of 
the Metazea and ane involved in core eukaryotic 
cellular functions, Ahough these cumetazoan ene 
families are conserved with other cukaryotes, 
animals have a unique complement dae to family 
‘expansion and contraction on the eumetazoan ston 
The cumetaoan genes of ancient eukaryotic 
aaneestry are themselves descended fiom ~S148 
ceukieyotic progenitors by nearly 1000 gene due 
plications along the cumetaman stem —ic. after 
the carly radiation of eukaryotes ~1100 to 1500 
‘mille years ago (56) but before the divengence of 
cevidarians and bilaterins( 
The remaining 20% (1584) of the ancestral 
‘eumetazoan gene set comprises animal novelties 
‘that were apparently “invented along the eumetae 


“new” genes is obscure (37) but may involve 
zene duplication followed by bursts of rapid 
sequence divergence (thus masking the similar- 
ity with sister sequences) and/or de novo 
recruitment of gene and/or noncoding fragments 
into functional transcription units. We classified 
these cumetazoan novelties into three categories 
‘based on their origin (Fig, 4A), 

‘The first and largest group (type 1 novelty) 
‘comprises animal genes that have no identifiable 
relatives (with BLAST) outside of animals 
the available sequence data sets, and accounts 
for 15% (1186) of ancestral cumetazoan genes. 
‘These include important signaling factors, such 
a the secreted wingless (Wnt) and fibroblast 
growth fictor (FGF) families, and transcription 
factors, including the T-box and mothers-against- 
docapentaplegic (SMAD) families (Table 2), Not 
‘only were these genes present in the eumetazoan 
ancestor, but they had already duplicated and 
diversified on the eumetazcan stem to establish 
the subfamilies that, nearly 700 million years 
later, are still maintained in modern vertebrates, 
{Sce for example the Wnt family (58).] 

‘Type I novelties (2% of the cumetazoan 
complement, oF 158 genes) incorporate animal 
‘only domains in combination with ancient cu 
karyotic sequence, The ancestry of these genes 
can be traced hack 10 the cukaryotic radiation 
through their ancient domins, but the novel 
domains they contain were evidently invented 
(or evolved into their recognizable animal form) 
and coupled t0 more ancient domains on the 
cumetazaan stem, For example, Notch proteins 
have two Notch domains found only in meta- 
~oans in addition 10 ancient eukaryotic ankyrin 
and epidermal growth factor (EGF) domains: 
focal adhesion kinase (FAK) is targeted to focal 
adhesions in cumetazoans because of the 
addition of an animal-specific focal adhesion 
targeting domain to the ancient kinase domain 


assigned to PALs A, B and C. Cell symbols indicate Bonferroni-corrected P 
< 0.05 (f), < 0.5 ($). Detailed methods, and the 
‘complete Oxford grid can be found in the SOM text. 


PAL: A 8 c 
Nematostella scaffold 3 5 46 26 53 61 44 144 7 74 18 88 52 42 15689 10 8 34 118 91 191 
Human Chromosome Segment 2q11.2-35 ia 2 
12912-143 £4 
17qh2-21.32 1 


A TplL.2-21.3 
20p11.22-13 


14qi2-32.33) 
11912.1-13.1 

8 1932.2-44 
19q13.11-13.33 

2p3.2-24.3 


17q23.3-253 
16p11.2-13.3 


7922.1-22.3 
17p11.2-13.1 
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Finally, type I novelties (3%, oF 240 gene 
families) consist of animal genes whose domains 
are all ancient (ie, cach found in other eukaryotes) 
but that occur in apparently unique combination i 
‘cumetazou relative to known nowzanimal genes (32) 
‘because of gene fusions and/or domain-shufling 
‘events on the eumstaznan stem. For example, both 
the LIM (lin-t1, isle, mee-3) protein-protein 
injeraction and homeobox DNA binding domains 
are found in nonanimal eukaryotes, but only 
animals have the LIM-homeodomain combination, 
Although such domain-shufling (57) events are 
relatively rare, they are disproportionately 

wolved in characterized biochemical pathways, 
Perhaps by bringing together existing catalytic 
capabilities, localization, and regulatory domains 
into the same protein (table $8.1). 


Eumetazoan Networks and Pathways 

How are the genes that were invented along the 
‘cumetazoan stem related to the onganisenal 
novelties associated with Eumetazoa’? Satisty- 
ingly, but perhaps not surprisingly. we found 
that the novel genes were significantly enriched 
for signal transduction, cell communication and 
adhesion, and. developmental processes. (32). 
‘The eumetazoan ancestor was the progenitor of 
all extant animals with nervous systems, and 
‘genes with neuronal activities are abundant 
among its novelties (Table 3). Its at first glance 
surprising that genes known 10 be involved in 
mesoderm development in bilsterians are also 
enriched among cumetazoan novelties, given 
that the textbook picture of enidarians is: that 


mJ 


1 Type | (completely novel) 


Type Il (novel domain) 
© Type II (novel pairing) 
Ancient 


‘Type | Novelty: SMAD Family Proteins 


they lack mesoderm. Yet we know that many of 
these genes are associated cither with basic 
‘patterning functions and/or the regulation of cell 
migration and fate. The precise deployment and 
interaction of these genes in the ancestral 
ccumetazoan is therefore still a matter of debate 
(26, 27, 39-61). Experiments in enidarians, 
however, in combination with information about 
mesodermal networks in bilaterians, could, in 
Principle, constrain the ancestral genetic network 
and address whether or not the ancestor deployed 
these genes to generate this key germ layer, 

Individual “new” genes are by themselves 
unlikely to bring about the suite of features 
needed 1 evolve animal characteristics: from 
unicellular organisms, Rather, we expeet that t0 
‘generate organismal novelty, such new genes 
must be integrated with other novel and existing 
genes to evolve expanded or modified bio- 
chemical pathways and/or regulatory networks. 
Given the reconstructed cumetazoan genome 
and its various types of novel genes, we 
conclude by briefly considering selected eu- 
metazoan pathways and processes 1 sce how 
novel animal genes were incorporated into 
cclllar and organismal functions 

Celt adhesion. In Bilateria, the integrin path- 
way mediates signaling from the extracellular 
‘matrix (ECM) that elicits various responses to 
modulate cell adhesion, motility, and the cell 
eyck (62). A detailed look at integrin signaling 
(Table 3 and Fig. 4B) reveals that most of the 
core components of the FAK and Fyn/She 
pathways were present in the cumetazoan an- 


‘Co > 


‘Type lll Novelty: Lim Homeodomain Proteins 


=> 


‘Type Il Novelty: Notch Proteins 
(+20) 


I 


‘Ca-CGa > 
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‘ig. 4. Origins of eumetazoan genes. (A) Pie chart showing the percentages 
‘of genes in the eumetazoan ancestors according to their origin: type I novelties 
‘with no homology to proteins in nonanimal outgroups (blue), type I novelties 
with novel animal domains paired with ancient domains (orange), type Il 
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cxstor. Various ancient cytosolic proteins (Tali 
Panillin, Grb2, Sos, and Crk) have been brought 
under the control of two novel receptors, 
integrin-t and integrin. (the former being a 
type I novelty and the latter a type Il novelty). 
FAK is a cytosolic component that appears &s a 
type IT novelty in cumetazoans, and calpain —a 
protease that regulates the aygregation of talin, 
pauillin, and FAK around the receptor appears 
a a novel domain combination of ancient do- 
‘mains. Caveolin, a membrane adapter that cou 
piles the integrin subunit to Fyn is present it 
the Nemarasiella genome and is type U novelty. 
Fyn itself is a more recent invention derived on 
the tetrapod stem by gene duplication, 

Cell-cell adhesion mediated by celkECM 
interactions is a hallmark of animal multicel- 
lularty (63), Basement membrane proteins such 
as collagen and laminin arose as type TI novelties 
along the stem leading to the Eumetazoa, whereas 
thers such as nidogen are novel pairings of 
ancient domains (Table 1). Matrix metallapro- 
teases also were invented as type IT novelties, 
‘whereas guidance cues suet as netrin and soma 
pPhorin that mediate adhesion are novelties with no 
evident homology to ancient cukaryotic proteins, 

‘Signaling pathways, Animals rely on cell 
signaling for cellular coordination during and after 
development (60, Various components of the 
Wht and transforming growth factor: (TGEB) 
signaling pathways in the genome of Nemaostella 
fave boon repomed (8, 27, 58, 45-68), In both 
pathways, the secreted Higands and their antago- 
nists [such as Wnt, SFRP, bone momphogenetic 


novelties with new pairings of ancient domains (pink), and ancient genes 
(green). (B) A schematic representation of the FAK and ShoFyn pathways in 
integrin signaling. The proteins are color-coded to reflect their ancestry, asin 
(A). INK, Chun N-terminal kinase. 
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protein (BMP), and chordin] ae novelties (Fig. 
4B). Some, such as Wnt, scereted ffizaed-related 
protein (SFRP), DppBMP. activin, and chordin 
are type T novelties with no homology to proteins 
from outgroups; some are type II noveltics (dick~ 
kop), anid others (such as tolloid) are novel 
Pairings of ancient domains (type I). The receptor 
in the Want pathway, frizzled, also arose asa type L 
ceumctazoan novelty, Transcription factors that are 
activated downstream of Wt signaling are ancient, 
‘but the ones involved in TGFB signaling are novel. 
‘Type | receptors of the TGFB pathway arose as 3 
Pairing of novel animal domains with ancient 
domains (type Il novelties) and type II receptors 
turn out to be ancient eukaryotic kinase genes that 
‘were co-opted for this fiction. 

‘The presence of essentially complete signal 
transduction pathways in the common gene set 
‘of enidarians and bilaterians suggests that the 
integration of novel cumetazoan genes into 
these systems was largely complete in the cu 
Inetazoan ancestor. A genera trend in the evol- 
ution of signaling pathways may have been the 
co-option of cytosolic signaling components 


Table 2. Origins of developmental signaling pathway components inferred in the 
‘eumetazoan ancestor. ERK, extracellular signal-regulated Kinase; MEK, MAPK 


kinase; GSK3, glycogen synthase kinase 3; APC, 


TCF/LEF, ell factorlymphoid enhancer factor; ATF, activating transcription factor; 
-ACVR2, activin receptor, type I; ADAMO, a disintegrin and metalloprotease 


to pathways that could be regulated by newly 
invented ligands and receptors. For example, 
the case of FGF signaling. the interactions of 
ancient eytosolic components [such as Grb2, Sos, 
and mitogen-activated protein kinase (MAPK)] 
‘could be elaborated with the addition of novel 
proteins (such as FGF and She) or of novel do- 
mains added to old proteins (such as Raf 
homolog) or novel pairings of old domains (such 
as FGF receptor and phospholipase C-7), 
Emergence of the newomuscular system. 
(Cnidarians and ctenophores are the eafiest branch 
ing metazoan phyla that have a nervous system, 
although they lack overt centralization of the kind 
‘observed in bilsterians, Genes with neural func- 
tions in the Bilateria have been implicated in the 
cenidarian nervous system (69, 70), Numerous 
_gencs known to be involved in neurogencsis, such 
as members of the homeobox and basic elix-loop- 
helix (DELI transcription factor families (Ems, 
Op, Orx, and achactescute), can be traced 10 
ancient eukaryotic genes with these signature 
domains. Some are novel pairings. of ancient 
domains (such as neuropilin and LIM-homcobox 


complex; 


ssines), some are pairings of old domains with 
‘novel animal-specific domains (such as Dah, Ark, 
and neuralized) and others are novel animal genes 
(such as Hes, Gem, netrin, semaphorins, and 
dochsund). Cenain enzymes important in syn- 
aptic transmission (such as 34-dihydroxy: 
Phenylalanine (DOPA)-f) monooxygenase) and 
some vesicular trafficking protcins (such as symap- 
tophysin) appear as novel (ype 1) eumetazoan 
Proteins. Regulatory subunits for ion channels im- 
portant in nerve conduction and muscular funtion 
can be type I novelties (such as voltage-dependent 
calcium channel | subunit and potassium large- 
conductance calciumn-activated channel) ortype It 
novelties (such as volage-cependent calcium 
channel 42 subunit), Various components. of 
the dystrophin-associated protcin complex (DPC) 
in the sarcolemma such as dystrophin, syntrophin, 
Bedystrobrevin, and Beswcoglyean are type 1 
oveltics, Other satcomere proteins are type Il 
novelties Guch as nebulin and tropomodalin), 
This diversity of origins of genes with roles in the 
rncuromuscular system suggests that tracing the 
evolution of nerves and muscle will require 


‘domain 10; PEN2, preseilin enhancer 2;SYK, spleen tyrosine kinase; IGF, insulin- 
like growth factor; PTEN, phosphatase and tensin homolog: GTPase, guanosine 
‘triphosphatase; SOCS, suppressor of cytokine signaling: RELNFKB, reticuloen- 
dotheliosis viral oncogene/nuclear factor xB; NFAT, nuclear factor of activated T 
cells; STATS, signal transducers and activators of transcription 5, 


Pathway Type | novelty Type It novelty Type It novelty Ancient gene 
: Collagen integrin Fak; Talin vinculi; pilin; Rasy 
Integrin signaling {ntegrinatpha; caveoin = Calpain Rees toprol’ 
eae Dickkopf: ar S-catenin; GSK3; APC; TCF/LEF; 
Wt signaling factors; fizzled; vs ie ave 
strabismusivan gogh anes . 
DppyBMP; activin: gremlin; F ; 
receptors: TGF, Type receptors: ACVR2, 
TGF) signaling chordin; follistatin; R-SMAD; ete Tolloid/BMP2 
an eee BMPRIA; ATF]un8; SOON aMPre 
Jagged: deltex: fringe presenitn; 
Notch signaling Numb; haicy(sp0 Notch ‘ADAMAO; nicastin: fur; Ap; 
PEN2; mastermind 
Epin signaling Ephrin; Fak Eph (receptor) BUSY 
Insulin hosphoinositide-3-kinase, class 3; 
Insulin receptor substrate; shosphoinostide-3-kinase, 
Insulin signaling Insulin shosphoinositide-3-kinase, regulatory subunit, 3- 
aitaltic kinase, class 2 __phosphoinositide-dependent protein 
kinase-1; PTEN 
GFR: RAS protein 
Raf homolog activator vad 
MAPK; phosphoinostide-3-kinase, 
FGF signating FGF; She Sina Ron Gitise, — Prortnahaniges 2853 Gr Protein kinase Cj 
‘activating protein kinase, class 2; Soe 
protein kinase C. 
Inositol 2.4,5-triphosphate 
receptor; SOCS; arestin: 
— ‘quanine nucleotide binding Adenylate cyclase 5/6: €0C42 binding , 
okie signaling ae ela at posh ag parieaa MAPK; Rho kinase: Rho 
rotein signaling: 
REUNFKB; NFAT 
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detailed studies of the functions of these genes in 
‘onanism at the base of the metazoan tree. 


Concluding Remarks 
Modem animal genomes retain features inherited 
from the eumetwanan ancestor that have been 
claboratcd on, and sometimes overwritten by, 
‘subsequent evolutionary elaborations and simpfiti- 
cations. Hore, we compared the genomes of the ea 
anemone with diverse bilaterians, both to infer the 
content and organization of the genome of the 
‘cumetizoan ancestor and 10 trace the origins of 
uniquely animal features. In many ways, the 
ancestral genome was not so different fiom ours: 
it was intton-rich and contained nearly complete 
toolkits for animal biochemistry and development, 
‘which can now be recognized as pan-eumetazoan, 


Table 3. Origins of selected metazoan processes inferred in the eumetazoan 
‘ancestor. CREB, cyclic adenosine 35-monophosphate response element— 
binding protein; HIF, hypoxia-inducible factor; CES, carboxylesterase; cGMP, 
‘guanosine 35-monophosphate; TNF, tumor necrosis factor; BOK, B cell 
leukemiatymphoma 2-related ovarian killer; GULP, engulfment adaptor PTB 
‘domain containing; CRADD, caspase 2 and receptorinteracting serine-threonine 


as well as the core gene set requinal to execute 
sophisticated neural and muscular function. The 
ancestor had blocks of linked genes that remain 
together in the modem human and anemone 
‘genomes—the oldest known conserved synteny 
‘outside of prokaryotic operons. Whereas fruit fies 
‘and soil nematodes have proven to be exquisite 
model systems for dissecting the genetic under- 
prinnings of metazoan development and physiolo- 
1 their genomes ae relatively poor modes for the 
ancestral cumetaznan genome, having lest introns, 
genes, and gene linkages, 

The cumetarman ancestor possessed! more thant 
1300 genes that are apparently novel relative to 
‘other cukaryotic kingdoms. Some are the result of 
domain shullling, bringing together on the animal 
stem new combinations of domains that are shared 
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with other cukaryotes. But many animal-spocific 
genes contain sequences with no readily recog- 
nizable counterparts outside of animals; these may 
hhave arisen by sequence divergence from ancient 
ccukaryotic genes, but the trail is obscured by deep 
time. Although we can crudely assign the origins 
of these genes to the eumetazoan stem, 
remains somewhat unsatisfying, The forthcon 
genomes of sponges, placazoans, and choano- 
flagellates will allow more precise dating of the 
origins and diversification of modem eumetazn 
‘gone families, but this will not directly reveal the 
mechanisms for new gene creation. Presumably, 
many of these novelties will ultimately be traced 
back, through deep sequence or structural compar- 
isons, to ancient genes that underwent ex 
“tinkering” (71). 


retardation syndrome; CARD, caspase recruitment domain family, SRGAP, Slt- 
Robo Rho GTPase activating protein; TNFRSF, TNF receptor superfamily; TRAF, 
TWF receptor~associated factor; SUMO, small ubiquitn-retated modifier; L3MBT, 
Lethal(3imalignant brain tumor protein homolog; SKI, sarcoma viral oncogene 
homolog; AP-2, activating protein 2; MAF, musculoaponeurotic fibrosarcoma 
‘oncogene homolog; CBP, CREB-binding protein; ETOIMTGE, eighty twenty one! 


kinase domain-containing adaptor with death domain; FMR, fragile X mental myeloid translocation gene 8. 
Process Type I novelty Type lt novelty Type It novelty Ancient gene 
: : Single-minded MIF; achaete-scute; 
Nevragenesis MES Gems Ephrin neti; semaphoring: NACI RERR OSK ——europitn Uns ephrin_elav; Ema Ot: Jagged Delt; In 
1 dachsunds ski oncogene i receptor Gii, OtwPhox; stonaV/neuroD/neur0G; 
aie reticulon 
Nitric oxide synthase (neuronal) adapter 
protein; DOPA-)) monoxygenase; : 
Synaptic ‘calcium channel voltage-dependent f; Cholinergic receptor, icchage gues Antaanate receptor; synaptotagarin; 
transmission syntraphin; synaptophysin; dystrophin; nicotinic; neurexin channel; ses large ee 
potassium large conductance calcium- a 
activated channel, subfamily Mf 
NNidogen; stabiin; 
Extracellular Netrin; dermatopontin; semaphorin; newropilin; matrix _Leprecan; microfibrillar-assciated 
matrix lypican: stereociin metalloprotease; protein 
thrombospondin 
Cell junction paré Salvador 
hese serrscarye Phosphorylase kinase; myosin light 
bi pris eid chain cytoplasmic; calcium channel 
Voltage-dependent calcium channel [i bn alpha subunit; cGMP-dependent 
‘Mase contrection Brsarcoglycan, [-dystrobrevin ‘riphophate receptor; protein kinase; calciumv/calmodutin- 
4 . ‘calcium activated : 
calponinvtransgetin dependent kinase 
ee regulatory tight chai 
RAF; scavenger receptor 
‘TWFS/10/11; Bcl2; BOK: GULP; class 8; huntingtn interacting protein; 
‘CRADD; caspase 8/10; ‘programmed cell death 1/5; Bcl2- 
Re growth arrest and DNA- Neuronal apoptosis GFR; SRGAP; associated athanogene; Akt; SUMO; 
poptosis damage-inducible; DNA fragmentation inhibitory protein; CARD9/11 calpain defender against cell death 1; 


factor 40-KD subunit; interleukin 
‘enhancer-binding factor 3; FMR 


13MBT; T-Box; Nuclear hormone 
receptor; SMAD; dachsund; gem; 
NFAT; nuclear respiratory factor; 
SKI family; sprouty; AP-2; onecut; 
‘MaF-related 


‘Transcription factors 


Hairless; nuclear protein 


95; UM homeobox; 
CART enhancer 
groucho; Jun; Myt; binding; aryl 
runt; STAT hydrocarbon receptor 
related 


apoptosis-inducing factor—tike 
mitochondrion-associated inducer of 
death; death-associated protein kinase 


Zic; Gli; homeobox; bHLH; achaete- 

scute; Sox; retinoblastoma binding 

protein 5/8; NFKB-related; Krueppel 

2h2 type zinc finger; tnx; Deltex; 
ataxin 
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‘The cumetazoan progenitor was more than just 
collection of genes. How did these genes function 
together within the ancestor? Unfortunately, we 
‘cannot read from the genome the nature ofits wene- 
and proicin-regulatory interactions and networks. 
‘Thisis particularly vexing as itis becoming clear 
‘especially given the apparent universality of the 
‘eumetaznan toolhit—that gene regulatory changes 
‘ean also play a central role in generating novelties, 
allowing co-option of ancestral genes and. net- 
works to new functions (49). OF particukar interest 
‘are the processes that give ris: to body axes, germ 
ers, and diferentiated cell types such as nerve 
and muscle, as well as the mechanisms that 
maintain these cells and their interactions through 
the growth and repair of the onganism. Nemaio- 
svella and its genome provide a platorm for testing 
hypotheses about the nature of ancestral eu 
metazoan pathways and interactions, withthe use 
‘ofthe basic principle of evolutionary developnen- 
tal biology: Processes that are conserved between 
living species were likely functional in their 
‘common ancestor 


References and Notes 

1 Haeckel, Generel trphologie der rgonismen, 
li. Land 2 (Georg Reimer, Bein, 1866). 

2, C.Welen, in Animal Evalution (Oford Univ. Pes, 
Oiford, ed. 2, 2000, pp. 51 

3. 1. Venting in On the Origin of Phyl (Unie. Chicago 
ress, Chicaga, 2008), pp. 153-196, 

4. GM. Rubin eta, Science 287, 2204 (2000), 

5. G. Ruvkun, 0, Hobet, Science 282, 2033 (1998), 

(6. C1. Bagmann, Science 202, 2028 (1990. 

1. P. Del et ol, Scioce 298, 2187 (2002). 

', Sea Urchin Genome Sequencing Consortium et o, 
Seience 314, 91 (2008). 

19, Bridge, CW, Cunningham, 8, Sciernater, R.DeSae, 
LW. tus, Proc. Nat. Acod. Sl US.A. 89,8780 (1992). 

10, G, Narbonne, An Rev, Earth Plone. Sc, 33, 421 2009, 

AL. 5. Conway Morris Phils. Tans. R Soc. London Ser. 8 
361, 1069 2006), 

12. C Hand, K, Unlinger, Bol. Bull, 182. 169 (2992), 

13, | A Daring eto, Bioesoys 27, 211 (2005), 

14. C Hand, K. Uninger, Estuaries 17,501 (1994). 

15. H Friuerwanker, U Technau, Dev. Genes Evo 222, 
99 (2002), 

16, RE. Stele, Dev. Blok 248, 199 (2002. 

7, RO. Korshak,G. Samuel, R Saint.) ile, Cur 
‘Biol 13, 2190 (2003). 

1B, U. Techn eta, Hrends Genet. 22, 633 (2008) 

19. DM, .E al, U, Techaau, Tends Genet, 2, 536 
(2008), 

20, 8 Gallic, Cur. Opin. Genet. De. 10, 629 (2000). 

21. K Seipe et ol, Dex. Opn. 231, 303 (2008), 

22, 5. Reber Muller eto, nt. ev. Biol $0, 377 2006). 

23, M.Q, Martindale, K. Pang, | R. Finnerty, Development 
131, 2463 2004), 

24, JR Finnerty, O. Pause, . Burton, K. Pang, 
‘MQ. Martindale, Evol Dev. 5, 331 (2003). 

25, JK. Frtenwanker, Mt Saina, U. Technau, De. Biol 
275, 389 (2008). 

26, CB Schol U.Tectnau, Dex. Genes Evol 212, $43 200). 

27, AH. Wikramanayake et ol, Notre 426, 446 2003). 

28. CG. Extvou, K. Pang, 0.0, Matus, M. Q. Martndse, 
Evol. Dev. 7, 201 (2008) 

29, MO, Manindale, J. Finnerty 1. O, Henry, lk 
Phylogenet. Evol. 24, 358 (2002). 

30, F.Raible eto, Science 320, 1325 (2005). 

31. | L Weber, EW. Myers, Genome Res. 7, 401 (97. 

32, Materials and methods, a5 wel 35 addtional text, are 
‘anilabl as supporting material on Science Online. 

32, RL Tatuso, EV. Koonin, D. |. Lipman, Science 278, 
631 (1997). 


6 JULY 2007 VOL317 SCIENCE 


34. A Ado et ol, Pro. Not. Acad. Sci. USA 97, 4453 
‘2000 

35. Y.L Woll, LB. Rogasn, EV. Koonin, Genome Res. 14, 
29 (2000), 

36, FD. Cecael eto, Science 322, 1283 (2006), 

37. | ¥. Chen et ol, Dev. Biot 248, 182 (2002). 

38. K | Peterson et ol, oc. Not Aco, Sci USA, 202, 
16536 (2008) 

39. € | Dowen, EA Sell E Bates, F Dela, 
 Phiipp, Proc Nott Aco. Sci USA. 103, 15386 2008), 

40. |.C Salinan, A ML Reitz J. R Finnerty, Genome 
Informatics 17, 229 (2006). 

4418 Rogatn, V1. Woll, A.V. Soran, 8. G. Mikin, 
EV. Koonin, Cur. Biol 13, 1512 (2003). 

42. 15. Conery, ML tye, Pec. Symp. Biocompu. 2001, 167 
‘eon. 

43. |-H.Poslethmat eto, Genome Res. 10, 1890 (2000 

44, 0, Jalon ef ob, Notre 431, 946 2008) 

45, The Honeybee Genome Sequencing Consortium, Noture 
“43, 931 (2008) 

46. Sourge, EM. Zdcbnov,P. Bork, P.A.Pevzer, 
Tester, Genome Res. 15, 98 (2005) 

47. LG Lundin, 0, Lshamma,F Mallbook, J. Staet Funct. 
‘Genomics 3, 53 (2003). 

48, J. Meabum, I. Mise, Notre 445, 379 2007). 

49. M evi, R Tan, Notre 424, 147 (2003). 

50. JR Finnerty, K. Pag, P. Buta, D. Pour, 
MO. Martindale, Science 304, 1335 (2009) 

SL K Kamm, 8. Schiermater, W. Jakob, SL. Dellaponta, 
ler, Curr, Bio 16, $20 (2000. 

52 LF Ryan et ol, Genome Bol. 7, R64 (2006). 

53, D. Chounout eal, Mature 442, 688 2006) 

‘54. K Kamm, 8. Sbieroter, Bp. Zodlo. 8. ol. Dew, 
rok (ut 12,2006). 

95. JR incerty, MQ, Martindale, Evol. De. 2,16 (1999) 

56. F Desc, 5. Muaing, Ej. Dauzey, BMC Evol Bik 4, 
112008, 

57. Mong. Betran,K. Thorton, W. Wang, Not Rev, 
Genet 4, 645 (2003) 

58. A. Kusserom eto, Noture 433, 156 (2005) 

‘59. K Seige, V. Schmit. Dev. Bick. $0, $89 (2006), 

0, K Seige. V. Schnid, Dev. Bok 282, 14 (2005) 

‘61 CA. Byram, M. 0. Martindale, in Gost dation: From 
als 10 Embryos, C.D. Ser, £4. (Cd Spring arbor 


Latoratoy Pres, Cold Spring Harbor, NY, 2008), 
pp. 33-50. 

62. FG. Giancoty . Ruta, Science 285, 1028 (1999). 

62, S. Tyler, tm. Comp. Biol 43, 5 (2003, 

{6 A Presa, R.Sommes, Nat. Rev. Gnet, 4 39 (2003) 

65. 0.0. Matus eto, Proc. Nol. Acad. Sc, USA 103, 
11195 (2006). 

(66, D. 0. Matus, G.M. Thomsen, MQ, Martindale, Cor. Biol 
16, 499 (2006), 

167. P.M ee, K Pang, 0.0. Matus, MQ. Martindale, Semin, 
ell Dew. Biol. 17, 157 (2006), 

168, F Rentsch ef ol, Dex. Bol, 296, 375 (2000), 

9, M. ilovicticns, D. Guchat, 8. Gllct, Bosstems 
76,75 (2008) 

70, D. Gauchat etal, Dev. Biol 275, 104 (2004) 

71 F. Jacab, Science 196, 1161 (1977. 

72. This wark was performed under the auspices ofthe US. 
Department of Energy's Office of Science, Biological and 
{wironmental Research Program, and ty the Univerty 
of Galilrna, awrence Livermore National Laboratory 
Under contract no. W-7A05-Eng-48, Lawrence Berkeley 
National Latoatory under contract no. DE-ACO2~ 
{SCH11231, and tos Alamas National Laboratory under 
contract no. DEACO2-0&NA25396 and was supported by 
NIN-Hational Heart, Lung, and Blood Insitute grant 
THLOO7279F. Genetic Information Research Instute is 
under the MIM grant § P41 LMOD6252-09. D5.R, 

MS.. and W.D. gratefully achnonledge the support ofthe 
Gordon and Bety Moore Foundation. We thank 
H.Marom, 0. Matus, K Pang, P. Lee, and. Magie for 
Contributions to fig. SX: and. Begovi, Edinger 
Gonsals,O. Goodstein, M. Carpenter, . Oa 

M. evi, J Geshat, and J Valentine for wsell 
converatins. 


Supporting Ontine Materiat 
sw chencemag orgfeicontentful/317/5838/86/001, 
Materials and Methods 

SOM Test 

Fig S.A w 974 

Tobles $1.1 $8.1 

Aeterences 

21 December 2006: accepted 4 June 2007 
1O.1126/cience 1139158 


Dentate Gyrus NMDA Receptors 
Mediate Rapid Pattern Separation 
in the Hippocampal Network 


‘Thomas J. McHugh,*2* Matthew W. Jones,?*+ Jennifer J. Quinn,’¢ Nina Balthasar,*t 
Roberto Coppari,*§ Joel K. Elmquist,“§ Bradford B. Lowell,* Michael S. Fanselow,” 


‘Matthew A. Wilson,” Susumu Tonegawa™”| 


Forming distinct representations of multiple contexts, places, and episodes is a crucial function of 
the hippocampus. The dentate gyrus subregion has been suggested to fulfill this role. We have 
tested this hypothesis by generating and analyzing a mouse strain that lacks the gene encoding 
the essential subunit of the N-methyl-o-aspartate (NMDA) receptor NR1, specifically in 

dentate gyrus granule cells. The mutant mice performed normally in contextual fear conditioning, 
but were impaired in the ability to distinguish two similar contexts. A significant reduction in 
the context-specific modulation of firing rate was observed in the CA3 pyramidal cells when the 
mutant mice were transferred from one context to another. These results provide evidence that 


NMDA receptors 
pattern separation. 


1¢ hippocampus is crucial for the for 

‘mation of memories of facts and episodes 

(U-4), Toallow similar episodes to be dis- 
tinguished, it mast rapidly form distinet represen 


the granule cells of the dentate gyrus play a crucial role in the process of 


tations of the temporal and spatial relationships 
comprising events (patter separation), and 
because specific episodes are rarely replicated 

full, the hippocampus must also be capable of 


www.sciencemag.org 


using pa 
representations (pattern completion). Specific 


ial cues wo retrieve previously stored 


hippocampal subregions and circuits have been 
ments: th 
thi 


gested to subserve these mnemonic require 


feedforward pathway from the ento- 
ail cortex (EC) to the dentate gyrus (DG) and 
on to CA3 for patter separation, 


and the 
recurrent and highly plastic connections in CA3 
for pattem completion (5-8). Recently, targeted 
genetic manipu 

for the role of pl 


tions provided strong evidence 


fe CA3 recurrent synapses in 
pattern completion (9, 10), However, evidence 


supportin 
the behavioral level has been seant and limited to 


interpretation of impairments observed in rodent 
with DG lesions (//, 12) 

The activity of hippocampal neurons (“place 
cells") depends on an 


environment (131), and ma 


y studies suggest 


that ensemble place cell activity encodes: mem. 
ory traces (14-18). 
rectly 


Recent studies have di 


investigated whether physiological 


correlates of behavioral pattern separation 
can be detected in the hippocampal circuits 
by means of the place cell recording technique 


(9-26), One finding panicularly relevant 


our current study (20) is that exposure of rats 


to two similar but distinct contexts generates 
place cell firing rates in the two contexts that 
overlap significantly less in CA3 than in CAL 
Although consistent with the hypothesis (6-8) 
that the DG 


representation patterns as they reach the CA3 


Ips separate the overlapping 
region, this study did not directly test the role 
of the EC-DG—CA3 circuit in behavioral 


and physiological separation, nor propose 


mechanism for the process. 

Generating dentate gyrus granule cell~ 
specific NMDA receptor knockout mice. {n one 
of several mouse fines usin 
contin (POMC) bacterial 
to drive expression of the Cre recombinase (27), 
crossing with lueZ reporter mice [Rosi26 (28)] 


ficial chromosome 


revealed robust Cre-loxP recombination in the 
DG granule cell (GC) layer throughout the 
dorsal ventral avis (Fig. 1, A to D), with sparser 


recombination in the arcuate nucleus of the 


hypothal the lateral habenular nucleus, 
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and a small number of scattered cortical and 


midbrain cells. Immunofluorescence studies with 


antibodies specific alactosidase (a Cre 
loxP recombinatio 
marker), S100B (a g 
slutamic acid decarboxylase (GAD-67, 
the Cre-lonP 
GCs in the DG of 


‘ 


ro 1 is confined to 


the hippocampus (F 


restr 


It is known that DG GCs can 


1, E10 K). Cre-JoxP recom: 


neurogenesis, Cre-loxP recombination is detected 


in newly bom neurons that had reached the GC 


Fig. 1. Basic features of POMC-Cre transgenic mice. 
galactosidase ({-Gal) expression in a 12-week-old POMC-Cre/ROSA26 double-transgenic mouse 
stained with X-Gal and nuclear fast red. (B to D) Anti-{+-Gal immunohistochemical (1x, images 
visualized with Cy3, red) staining showing expression in a 16-week-old POMC-Cre/ROSA26 double- 
transgenic mouse in three coronal sections taken along the rostro-caudal axis of the forebrain. (E 
to K) Immunofluorescence staining of coronal sections of a 20-week-old POMC-Cre/ROSA26 
double-transgenic mouse. Single staining with (E) anti-NeuN (neuronal marker; AlexaFlour 555, 


red, 4x), (F) anti 


LL), 


(A) Image (1x magnification) of 


#-Gal (marker of Cre recombination; aminomethylcoumarin, blue, 4x), and (G) 


anti-s100f5 (glial cell marker; fluorescein isothiocyanate, green, 4x). (H) A 4x merge of (E), (F), and 
(G) indicating that the Cre-loxP recombination is restricted to the neurons in the DG. Inset is a 20x 
image of the DG. (I to K) Single staining with () an anti-{-Gal (AlexaFlour488, green, 20x) and ()) 
anti-GAD67 (marker of inhibitory neurons; Cy3, red, 20>). (K) A merge of (I) and ()), indicating no 
recombination in GAD-67-positive inhibitory neurons. In the bottom right comer of each figure is 
a magnified image of several cells in the upper blade of the DG showing the separation of the 
green and red signals. (L to N) After injection of bromodeoxyuridine (BrdU) into a 12-week-old 
male POMC-Cre/ROSA26 double-transgenic mouse, brain sections were imaged by confocal 
microscopy. To the right of each 10x image are three single cells imaged at 63x at the positions in 
the 10x image labeled with the corresponding number. Single staining with (L) anti-{-Gal (Cy3, 
red) and (M) anti-BrdU (marker of newly born cells; AlexaFlour488, green). (N) The overlap of the 
{green and red signal in the cells imaged indicates that recombination occurs in newly born neurons 


after they reach the GC layer. 
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Fig. 2. Basic features of 
DG-NR1 KO mice. (A to 
F) Images of coronal 
sections after in sit. hy- 
bridization with a 2P- 
labeled NRI cDNA probe. 
(A) Dark-field image 
(1x magnification) of a 
midbrain coronal sec- 
tion from a. 20-week- 
old JNR1 control male; 
(6) 1% image of a mid- 
brain coronal. section 
from a 20-week-ld DG- 
NRL KO male. (C) mage 
(4x magnification of the 
hippocampus from the 
control. mouse; (0) 4x 
image of the mutant 
mouse hippocampus. The 
NRA. transcript deleted 
specially in the DG 
granule cell layer in the 1 
mutant mouse. Lighted 


image of (E) the {NR1 hippocampus and (F) the DG-NR1 KO hippocampus 
reveal no changes in the gross structure of the hippocampus. (G and H) 
labeling of the NR1 protein (visualized with AlexaFlour 
488, 4) in the hippocampus of (G) a/NR1 animal at 16-weeks of age and (H) 
a DG-NR1 KO littermate. There is complete and specific loss of the receptor in 
the dentate gyrus of the KO mouse. (I and }) Timms staining of the mossy 
fiber pathway in (\) a 20-week-old /NR1 mouse and ()) a mutant littermate 


Immunohistochemic 


2 40 
48 


Time (mia) 


6 Po 
Tie (mia) 


Fig. 3. In vivo synaptic transmission and plasticity of the DG-NR1 KO mice. PP-GC input/output 
curves of fNR1 control (open circles) and mutant (filled circles) mice, showing similar {EPSP slopes 
(A) and population spike (PS) amplitudes (B) at all stimulation intensities. (C) Paired-pulse 
facilitation at PP-GC synapses also appeared normal in the mutant mice. (D) Theta-burst stimulation 
of the PP input to the DG induced potentiation of fEPSP in fNR1 (open circles) and POMC-cre control 
animals (squares), but not in DG-NR1 KO mice (filled circles). In contrast, high-frequency stimulation 
of Schaffer commissural input induced (E) CA1 LIP in both DG-NR1 KO mice and fNR1 controls, Error 


bars are the SEM. 


We generated DG-NRI knockout (KO) mice 
by crossing these POMC-Cre mice with floxed 
NR (/NRI) mice (29). In situ hybrid 
showed that NRE RNA. beg 
sometime between 1.5 and 4 weeks after birth 
and is nearly absent by 16 weeks of age in the 
DG GCs (Fig. 2, A to F, and fig. SI). 


zation 


ns to decrease 


Ime with antibodies to NRI 
(anti-NRI) showed a total absence of DG GC 
NRI protein by 16 weeks of age (Fig. 2. G and 
H), whereas the hippocampal cytoarchitecture 
appeared normal (F Land J). We were 
unable to detect a 2 
NRI mRNA 


in the Ievels of 


or CA3 


protcin in CAL 


SCIENCE 


revealed no changes in the structure of the DG outputs as a result of the 
‘mutation, (K to N) In situ hybridization with the NR2 probe did not indicate a 
reduced NRL mRNA level elsewhere in the brains of the knockout mice, 
Examination of 4% dark-field images of (K) the habenular nucleus of a 20- 
week-old fNR1 control animal and (U) a DG-NR1 KO littermate, and (M) the 
arcuate nucleus of control and (N) DG-NR1 KO mouse, found no difference in 
the abundance of the transcript in either region in the mutant mice. 


pyramidal cells (Fig. 2, C to H,and fig. S1), the 
arcuate nucleus of the hypothalamus, neocortes, 
for the habenular nucleus (Fig. 2, K to N), 


We did not detect any changes 
activity, feeding, reproductive, or parental behav 
iors in our DG-NRI KO mice, or in body we 
under ffee-feeding or food-restricted conditions 
fig. $2) 

Perforant pathdentate gyrus synaptic trans 
mission and plasticity. We examined in vivo 
synaptic in the 
hippocampus of anesthetized DG-NR1 KO mice 
and control litermates of 20 to 24 weeks of age 
ulated the perforant path (PP) and 


transmission and plasticity 


When we sti 
recorded population responses inthe dentate 
hilus, we found no differences between input 
‘output curves in DG-NR1 KO mice (n = $) and 
FNRI littermate controls (n= 4) (Fig. 3, A and 
B). Paired-pulse facilitation an index of pre 


synaptic function also appeared normal in the 
muta ). Theta-burst stimulation of 
the PP evoked robust potentiation of the PP-GC 


i mice (Fig 


synapses as measured by 
the field excitatory postsynaptic potential 
(EPSP) in both the POMC-Cre control mice 
(n= 3; 30 = 8.1%) and the /NRI control mice 
(n= 4: 38 = 7.7% P= 0.008) (Fig, 3D), In 
contrast, identical protocols failed 40 evoke plas 
ticity in DG-NRE KO mice (1 
TEPSP s 26 © 6.6%, P= O88; DG-NRI 
KO * FNRI littermates, P= 0,004) (Fig. 3D). 
Long-term potentiation (LTP) in area CAI ater 
frequency stimulation of the CA3 Schafler 
missural inputs Was normal (NR: 66 


1 increase in the slope 


Fig. 4. DG NRs are impor 
tant for the discrimination of 
similar contexts. (A and B) 
Contextual fear was mea- 
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A 


E 


‘sured 48 hours after con- 


B 


B 


ditioning with a single 2-5 
0.75-mA footshock. Both 
JNR1 mice (n = 12) and 
DG-NRI KO littermates (n 
12) showed (A) elevated 
total freezing in the cond- 
tioned context, as wel as (B) 
identical kinetics of freezing 
‘across the 5-min test. (©) 
Generalized freezing behav- 
jor to a second, very difer- 
‘ent context was low in both 
‘genotypes. Separate groups 
‘of mice were subjected to a 
protocol (D) designed to test 
contextual. discrimination. 
For the first 3 days of con- 
ditioning, mice visited only 
‘chamber A and each day 
received a single footshock 
(2:5, 0.65 mA). Freezing was 
measured once in chamber 
‘A and once in chamber B 
‘over the subsequent 2 days, 
and (E) control and mutant mice displayed equal amounts of freezing in 
both chambers. During days 6 to 17, mice visited each chamber daily 
(receiving a shock in one of the two), and freezing was assessed during the 
first 3 min in each chamber. (F) {NRL mice (open circles; n = 12) showed 
significantly greater discrimination than the DG-NR1 KO mice (filled circles; 


SS we me 


Table 1. Basic properties of pyramidal cells recorded in CA1 and CA3 during exploration of the white 
circular arena (run 1) on the first day of the pattern separation experiment. Values are means + SEM. N, 


number of mice; n, number of cells. 


otal Test Days 4&5 


Ouree® 
Context 


‘n= 12) across most of the acquisition. (G and H) Freezing in chamber A 
‘and chamber B for the control (open bars) and mutant (filled bars) on (G) 
‘day 10 (middle of discrimination) and (H) day 17 (end of discrimination) 
demonstrated that the initial DG-NR1 KO discrimination deficit was 
rescued with additional training, Error bars in (B) to (H) are the SEMs, 


sonconditioned, P< 0.08; DG-NRI KO con- 
ditioned * nonconditioned, P< 0.001), 

To investigate whether the NRS in the DG 
GCs play a role in behavioral pattem separation, 


ca CAS. we subjected the DG-NR1I KO mice to contex-_ 

‘Measurement INRA ‘DG-NR1 KO ANRI ‘DG-NR1 KO tual fear conditioning using a less distinet pair of 
We5,n=32) W=5,n=46) (N=5,n=26) W=6,n=26) contexts (A and B) that shared an identical metal 

‘Mean firing rate (Hz) 0.38420.047  0.72820.149 0.37820.069 0.32220.049 28d Moor (30), but had unique odors, rool, and 
Spike width (5) 598 + 7.65 560 + 24.1 554.2 +128 5305 +319 lighting (3), In this protocol, conditioning took 
‘Complex spike index place incrementally over several days, allowing 
(bursting) 18262176 20372162 20.29.2220 2205.96 th lls of repeated cupriones be ines: 
Peak rate (Hz) 20,53 + 1.25 18.08 + 1.37 12.58 + 1.85 13.07 = 1.20 tigated (32) (Fig. 4D). On the first 3 days of the 
Pek pened de agolen a 
Wa mpd pe) 24682178 a1. 249" made naz 359239 sami Ah, ar fing a hy 
PARANA Fe RT CONN Claas EN P< BET of each genotype were divided into two groups, 
wi ne pau och pee ing cr 

P= 0.04; DG-NRI KO: 88 » 21% P= 0.52: genotype AUI.9) = 0.70, P= O41; minute ber A and the other visiting chamber B; no group 


0.04) (Fi. 32), 
Hippocampal memory and discrimination. 
We first subjected the DG-NRI KO and control 
NR littermates tothe hidden platforn version of 
the Moms water maze and found no detectable 
deficit in the mutants with the standard protocol 
(ig. $3). DG-NRI KO mice also acquired and 
retained contextual fear conditioning as efficiently 
as control littermates after a single context- 
fooishock pairing {mice aged 16 to 24 weeks: 
FNRI control: 28.1 6:96: DG-NRI KO: 36.1 
66% P= OAT; tworway analysis of variance 
(ANOVA): genotype * minute FU,9) = 065, P= 
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FAL) = 40, P< 0.001) (Fi and B), We 
‘examined the context specificity of the condition- 
ing by assessing “freezing” behavior in a second 
context in which the chamber floor was changed 
from a metal grid to smooth plastic and the am- 


4. 


bient lighting was changed from white to red (30), 
This distinc context evoked significantly lower 
levels of freezing (similar in the 1wo genotypes) 
than the conditional context (Fig. 4C) (/NRI 
control: 7.1 


2.6%: DGNRI KO: 89 


received a footshock in either chamber, and 
fioezing was assessed. On day $, each mouse 
Visited the chamber opposite to the one visited on 
day 4, and freezing in the absence of footshock 
‘was assessed again. After this contextual con- 
ditioning there were no freezing differences be- 
tween genotypes in chamber A, confirming the 
ability of the mutant mice to acquire contextual 
fear conditioning. However, because of a greater 
Similarity between chamber A and chamber B 
‘compared to those used in the experiment of Fig 
2. to there was extensive generalization be- 
tween contexts in both genotypes [FU1,20) = 
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0.66, P= 0.43] (Fig. 4E). During the subsequent 
discrimination phase of the task, mice visited the 
two chambers daily for 12 days (day 6 10 day 17), 
always receiving a footshock 192 s after bein 
placed in chamber A, but never in chamber B. 
Freezing during the first 3 min in each chamber 
\was usa to calculate a daily discrimination ratio 
(Fig, 4F), Control mice quickly teamed to dis- 
guish the chambers; however, the DG-NRI 
KO mice exhibited a transient, yet very signifi- 
cant, deficit during the acquisition of the dis- 
crimination task [F (1.20) = 15.11, P < 0.001) 
(Fig. 4F), This deficit in the mutant mice was 
exhibited as elevated freezing in the shock-ffee 
imber B [two-way ANOVA, chamber 
genotype interaction FU1,20) = 8.70, P < 0.008; 
painwise comparison of chamber B freezing, P< 
10,05} (Fig. 4G). In contrast, at no point during the 
task did the motant animals demonstrate a deficit 
in fieezing to the context pied with shock 
(chamber A), By day 17 (the 12th day ofthe dis 


crimination task), the DG-NRI KO mice could 
discriminate the two chambers in a manner in- 
distinguishable from that of control mice [1Wwo- 
way ANOVA, chamber © genotype interaction 
Fi.20) = 0.584, P= 037] (Fig. 41, 
Hippocampal place cells and contextual 
discrimination. We used mult-tetrode recondings, 
to monitor hippocampal ensemble activity as 
DG-NRI KO mice explored two distinct con- 
texts. Mice foraged for scattered food rewards in 
an open, white, circular low-walled box. for a 
10-min habituation session. Twenty-four hours 
later, CAL andior CA3 place cel activities were 
recorded inthe same box for 10min (runt). V 
were then placed in a small “sleep” box for 20 
min while the white circular box. was replaced 
with an open, black, square low-walled box, and 
then animals returned 10 this new box for a 
second 10min nun session (run2). Forty-six CAL 
pyramidal cells and 26 CA3 pyramidal cells from 
six mutant mice (age 16 t 24 weeks) and 32 


— 


a 


or on 


Fig. 5. DG NRs are important for context-specific modulation of firing rate in CA3. (A) Examples of 
firing-rate maps showing the activity of 10 fNR1 contro (left) and 10 DG-NR2 KO (right) CA3 place 
cells as mice successively explored a white circular box and a black square box in the same location. 
Colors are scaled to maximum firing rates given by the numbers (red, maximum; blue, silent) (B) The 
rate difference in average firing rate in the two boxes was calculated for each cell [(high rate — low 
rateY(high rate + tow rate)]. /NR2 control rate differences were larger for CA3 than for CA1, whereas 
DG-NR1 KO rate differences were similar in CA3 and CAI. Mutant CA3 rate differences were 


significantly smaller than those of control mice (*P < 0.05, 


< 0.01. Red lines indicate rate 


differences expected given independent firing in the two boxes. (C) Cumulative probability histograms 
‘of the overlap [(low rate)/(high rate)] values for both genotypes and subregions showing significantly 
‘teater rate remapping (leftward shift) in contsol mice. (D) When the two box/one room experiment was 
repeated 24 hours later, DG-NR1 KO also showed significant rate remapping in CA3 ("*day 1 P< 0.01; 
day 2 P = 0.57), Error bars in (B) and (D) are the SEMs. 
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CAL pyramidal cells and 26 CA3 pyramidal cells 
fiom five (ARI control mice (littermate controls 
age 16 to 24 weeks) met our threshold of a 
0.2-Hz average firing rate in at least one of the 
two boxes (20-22, 3/) (fig. S4 and table $3). 
Runl spike widths, complex spike indices, peak 
firing rates, and average firing rates were similar 
across genotypes in both CAL and CA3 (Table 
1), However, DG-NRI KO mice displayed larger 
place fields in CA1 (P< 0.05), Figure SA shows 
‘example rate maps of 10 CA3 neurons from each 
of the two genotypes in both recording contexts 
(see also table $2). 

We assayed rate remapping in both CAL and 
CA3 by comparing the average firing rates of 
cach unit during exploration of the two boxes 
using (i) the normalized change in average firing 
rate betwoen the two boxes (rate difference) and 
(Gi) a atio of firing rates in the two contests (rate 
overlap) (20-22). In contol mice, the rite dif 
ference in the CA3 region (0.352 * 0.043) was 
significantly greater than that in the CAT region 
(0.238 = 0.037; Bonferroni posttest, P< 0.01), 
In contrast, DG-NRI_KO mice showed similar 
rate differences in CA3 and CAI (0,184 #,0.022 
versus 0.199 » 04037, respectively; P= 0.97) 
(able SI and fig, S6), The mutation had a sig- 
nificant effect on the rate difference, with the 
values measured in the CA3 of the mutant mice 
significantly lower than those in the CA3 of the 
control mice [two-way ANOVA, genotype * 
region FUL, 1) = 3.52. P» 0.06; genotype FU.) 
9.18, P= 0.003: region FUL,1) = 2.09, P» 0.15: 
Bonferroni post-test, PNRI CAL = DG-NR1 KO 
CAL, P > 0.08; PNRL CAS = DG-NRI KO 
CAS, P< 0.01) (Fig. $B), To assess if these rate 
differences reflected significant rate remapping, 
‘we compared! actual rate difference values with 
tate differences for each region expected if the 
firing rates inthe two boxes were independent of 
‘one another (Fig, SB, red lines). Rate differences: 
‘were significantly lower than expected under 
fully independent conditions in both CAL and 
CAS of the mutants (CAL Z= $44, P< 0.001; 
€A3 Z= 3.12, P< 0001), as well as in CAL of 
the controls (CAI Z = 2.99, P< 0,002), Only the 
control CA3 data showed evidence of inde- 
pendent firing rates in the two boxes (CA3 Z = 
0.44, P= 0.33), Figure SC shows the cumulative 
probability histogram for the rate overlap in CA3 
and CAL regions. In CA3 of control mice, there 
‘wats significant shift of the histogram tothe left 
compared to the CAL (Manin Whitney U test P< 
0.04), indicating a greater proportion of CA3 
cells undengoing rate remapping. In the KO mice, 
the distributions of rate overlap values in both 
CAL and the CA3 were significantly shifted to 
the right of the control CA3 histogram and were 
similar to that of the control CAL histogram 
(control CA3 = mutant CA3, P< 0.01; control 
CAS» mutant CAL, P< 0.003), 

Place cells can show comtext-dependent 
changes in firing location as well as firing rate 
[alobal remapping” (20). We therefore com- 
pated the locations of CAT and CA3 piace fields 
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in the two contexts by binning averaged firing 
rales into positional pixels and measuring the 
distance between peak firing rate pixels in the 
black and white boxes. Positional remapping was 
similar across subregions, conditions, and geno- 
types (mean intercontext shift of 3.0 = 0.3 and 
3.7 = 04 pixels in control CAL and CAS; 2.7 = 
0.3and 34° 0.4inDG-NRI KOCAL and CA3) 
(SOM Text ang fig. $5). Thus, the remapping 
deficits in DG-NR1 KO mice were confined to 
the rate remapping dimension under these 
conditions. 

‘The deficit revealed by the contextual fear 
discrimination paradigm was limited to the early 
days of training (Fig. 4, F and G), We therefore 
investigated whether the deficit in context- 
mediated firing-rate modulation in the CA3 = 
zion of the mutant mice could be overcome with 
more experience. When the mice were allowed 10 
rotum 10 the reconding room 24 hours later and 
the recording protocol was repeated, we found 
similar rate differences in the CA3 regions of 
both genotypes (15 CAS cells in five /NRImice, 
(0,382 + 0.072; 20CA3 cells in four DG-NR1 KO. 
mice, 0.322 * 0047; P0.38), Although we 
coukl not detect « significant genotype * day 
interaction, post-tests revealed that the rate 
remapping deficit was not present on day 2 in 
the mutant mice [two-way ANOVA, genotype = 
day FU,1) = LAS, P= 0.23: genotype FUL) 
P= 0.01; day FU) = 3.54, P» 0.065 
Bonfernoni post-test dayl /NRI = DG-NR KO, 
P< 001: day 2 NRL * DG-NR KO, P> 0.03] 
SD), 

Discussion. Using conditional genetic- 
engineering techniques, we have previously 
shown that NRs in the CA3 play a ericial role 
in rapid fearning and pattem completion 
Imediated recall, whereas CAT NRs are required 
for the formation of both spatial and nonspatial 
memory (9, 10, 29, 33-35), The DG-NRI KO 
mice described here allowed us to extend the 
study to the roles of DG NRs and NR- 
dependent plasticity. Our data support the notion 
that DGGE NRs play an important role in 
rapidly forming a unique memory of a context 
and discriminating it from similar contexts 
previously encountered (pattem separation), al- 
though they are dispensable for the acquisition 
‘of contextual memory per se. 

DG-NRI_KO mice exhibited impaired 
contest discrimination early during training in 
the ineremental fear-conditioning paradigm and 
impaired contest-modulated place cell activity 
in CA3 on the initial day of recording. Both 
deficits were overcome with training. or expe- 
rience, Together, these data suzgest that NR 
function at PP-GC synapses és important for 
the animals’ ability to discriminate simi 
contexts rapidly with limited experience, but 
not for slower acquisition of this ability over 
more trials, We suggest that common mecha- 
nisms underlic the DG-NR1 KO deficits 
‘observed at both the behavioral and physiolog- 
ical levels, despite the different timelines of 
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recovery to control levels. These differences 
may reflect differences between the cues used 
10 define the contexts, the use of conditioning 
footshocks in the behavioral experiment (36), 
the contribution of non-hippocampal structures 
in fear conditioning, or the greater sensitivity 
fof the readout in the place cell recordings 
relative to the behavioral task, The eventual 
acquisition of the discriminating power by DG- 
NRI KO mice may be due to the gradual de- 
velopment of synaptic plasticity at sites down- 
stream of the PP-GC synapses. For example, 
the recurrent collateral-CA3 synapses may 
Provide a complementary site at which small 
differences in PP input can be amplified: this is 
supported by a recent study reporting a 
contribution of CA3 NRs to pattem separation 
(37), Although the lange number of cells and 
sparse connectivity of the DG would provide 
the uhimate substrate for the pattem separation, 
synaptic plasticity may be the tool that allows 
cient separation of represcta- 


CAG reecives excitatory input from 10 ex- 
temal sources, the DG and the EC. Input from 
the DG is most likely to contribute to the 
‘onhogonalization of CA3 representations. by 
virtue of the high GC number and the sparse 
GC-CA3 connectivity. Loss of NRs in the GCs 
may decrease drive from the DG to CA3. This 
Wouk! increase the relative proportion of EC 
drive to CA3, thus reducing the CA3 en 
semble’s ability to detect, amplify, and reflect 
small differences in EC activity generated in 
similar contexts. Indeed, rate remapping in CAS 
induced by changes in recording chamber 
shape oF color) can occur in the absence of 
detectable changes in medial EC firing rates or 
locations (25, 26), However, despite unvarying 
input from the EC, DG GCs did respond to 
‘contextual changes robustly and rapidly: under 
these conditions. Our data suggest that NR- 
mediated activity or plasticity ia the GCs may 
underlie these changes, subsequently shaping 
CAB encoding. 

Iris puzzling that rate remapping in CA3 did 
not always affect spatial or rate coding down- 
stream in CAI (Fig. SB) (20). It is possible that 
under different conditions, such as in the be- 
havioral discrimination task, small differences in 
context-specific coding parameters, incliding 
firing rates, could be amplified by comextual 
salience (such as footshock) and may be 
‘manifested in CAL. ft remains tobe seen whether 
the context specificity of CA3 coding will be 
transfered to CAL under the conditions of be- 
‘havioral discrimination, 
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Identification of Active Edge Sites for 
Electrochemical Hz Evolution from 
MoS, Nanocatalysts 


Thomas F. Jaramillo,” Kristina P. Jorgensen,” Jacob Bonde,” Jane H. Nielsen,” 


Sebastian Horch,” Ib Chorkendorff™* 


The identification of the active sites in heterogeneous catalysis requires a combination of surface sensitive 
methods and reactivity studies. We determined the active site for hydrogen evolution, a reaction catalyzed 
by precious metals, on nanoparticulate molybdenum disulfide (MoS) by atomically resolving the surface 
‘of this catalyst before measuring electrochemical activity in solution. By preparing MoS, nanoparticles 
of different sizes, we systematically varied the distribution of surface sites on MoS, nanoparticles on 
‘Au(1.11), which we quantified with scanning tunneling microscopy. Eletrocatalytic activity measurements 
for hydrogen evolution correlate linearly with the number of edge sites on the MoS. catalyst. 


rogress in the fick! of heterogencous 
Prstrssosin amnesty es 
‘of idemtifying th on a catalyst 
surfice (1, 2) In homogencous cat 
active center is generally more clearly defined 
and quantified, with spectroscopic and mecha- 
histic studies providing dirwet insight into re 
tive intermediates, Solid-state catalysts, however, 
variety surface 
sites that i the 
scenario is further complicated when multiple 
sites work together in tuming over a reaction, 
Identifying the most active sites) is eritical to 
designing and developing improved catalytic 
materials. Many useful in situ and ex situ ex- 
perimental techniques, as well as computational 
methods, have bean developed (3-5) to adkdress 
this problem, but idemifying the active site re= 
rman a challenging task: 

In this study we used such met 
mine the active site of nanoparticulate M 
the hydrogen evolution reaction (HER), 2H" 
2c =+ Hy (6, 7), which is fundamentally impor- 
lant for a varity of electrochemical processes, 
fucl cells (as the reverse reaction), and solar Hy 
production (Water spl 
there isa need to replace precious m 
such as PL (7. 8). in its bulk form, MoS isa poor 
HER eatalys (2). Nanoparticulte MoS, bow= 
ever, is a more promising system: density 
functional theory (DFT) calculations indicate that 
the edges of MoS> nanoparticles are active for 
hydrogen evolution (8), but no previous experi- 
ments have shown this conclusively. 

Nanoparticulate MoS has been studied pre- 
viously in an attempt to link activity to specific 
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surface sites, in that MoS; is used industrially asa 
hhydrodesulfurization (HDS) catalyst (/0, 11) 
led insight has been gained from studies 


tum (UH) and by using computation 
(22-15), as well as from combining react 
measurements and ex situ characterization of in- 
dustrial catalyst samples (10, 11, 16), Structural 
studies on the MoS catalyst have shown that 

composed al I 
S-Mo-S tilayers (/0); depending on the 
sis conditions, these tilayers may stack in a 
sgraphite-like manner or remain as single trilayers, 
For single trilayers, two general kinds of sur- 
face sites exist—terrace sites, which are those 
‘on the basal plane. and edge sites, which lie at 
the edge of the nanoparticles. DFT studies su 
gest that the active site for HDS is on the edge 
‘of the MoS nanoparticles. This result is sup- 
ported by adsorption studies of thiophene using 
sc tunneling microscopy (STM) (17). 
Despite numerous studies on this. material 
there is a call fOr studies that uniquely link 
the welllefined structures of the model sys- 


tem to catalytic activity under standard reac- 
tion conditions (18), 
To provide an experimental elucidation of the 


samples in UHV of deliberately chosen nano- 
particulate momhologies such that the fractions 


MoS samples in this study were synthesized on 
a clean Au(LI1) substrate by physical vapor 
(1), 


followed by annealing, acconding to th 
in (/3), Three samples were annealed at 400°C, 
two were annealed at $30°C, and a “blank” 
sample was synthesized without the deposition of 
Mo and annealed 1 400°C. The Au(II1) 
substrate serves to disperse the MoS: nano- 
Iriticles by its herringbone reconstruction and 
is not particularly active for the HER (20), To 
maintain discretely separated single wilayer 
pricks, we purposely synthesized the samples 


Immediately after deposition, each sample 
was vacuum transferred to a second UHV cham- 
ber for STM 
single-layered MoSs_ nanoparticles can be 
described as flat polygons with a conducting 
cdge stale, seen as bright lines along the particle 
perimeter. Comparison of representative images 
nealed at 400°C (Fig. 1A) and 
SS0°C (Fig. 1B) shows how particle size in- 
‘reasad afer sintering at the higher temperature, 
The particles annealed to 400°C are consistent 
With similarly prepared MoS; nanoparticles. on 
Au(111)(/3). Besenbacher etal. have shawn that 
the dominant edge structure of MoS nano- 
praticles is that of a sulfided Mo edge and that 
this edge is panicularly favored by langersized 
panicles (/2. 18), We also observe the predom- 
inance of the sulfided Mo-edge in our samples, 
regardless of annealing temperature, Thus, 
controlled sintering allows us to change the ratio 
‘of basal plane sites to edge sites without changing 
the nature of the edge, This sulfided (10-1 0) 


Fig. 1. A series of STM images of MoSz nanoparticles on Au(111). The particles exhibit the typical 
polygon morphology with conducting edge states and ae dispersed on the Au surface irrespective of 
coverage and annealing temperature (400°C or 550°C). (A) Low coverage (0.06 rms! gram), 
annealed to 400°C (470 A by 470 A, 1.2 nA, 4 mV). (B) High coverage (0.23 nm*noso!Ageom), 


annealed to 550°C (470 A by 470 A, 1.2 nA, 1.9 Vd. (C) Atomically resolved MoS, particle, from 3 
‘sample annealed to 550°C, showing the predominance of the sulfided Mo-edge (19, 20) (60 A by 60 A, 


1.0 nA, 300 mV). 
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Mo-edge is the same structure predicted by 
DFT calculations to be the active site for Hy 
evolution (8). 

Air imaging. we transfer the samples from 
UHV into an electrochemical cell to measure 
HER activity (2/), Polarization curves (i — E) 
Within a cathodic potential window, and corre 


Fig. 2. Curent densities are nomalized 10 the 
‘geometric arca of the exposed face ofall samples. 

The most inherent measure of activity for 
the HER is the exchange current density, iy 
(6, 7. 22, 23), which is determined by fitting 
i — E data wo the Tafel equation (6), yielding 
Tafel slopes of $5 to 60 mVidecade and ex 


sponding Tafel plots (log /~ £), are shown in change current densities in the range of 13 = 


Big. 
ww "8 \ 
2% an a6 00 0% 00 aH an ae 
E (V vs. NHE) E (V vs. NHE) 


Fig. 2. Polarization curves and Tafel plots in a cathodic potential window for the five different 
‘MoS: samples as well as a blank sample. Samples annealed to 400°C are dark blue, samples 
annealed to 550°C light blue. (A) Polarization curve showing H, evolution on all samples. (B) Tafel 
plot (log current versus potential). All of the MoS, samples have Tafel slopes of 55 to 60 mV per 
decade irrespective of annealing temperature and coverage. Sweep rate: 5 mV/s. 
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Fig. 3. Exchange current density versus (A) MoS2 area coverage and (B) MoS: edge length. In both 
figures, open circles are samples annealed to 400°C, filled circles are samples annealed to 550°C. 
The exchange current density does not correlate with the area coverage of MoS2, whereas it shows a 
linear dependence on the MoSz edge length. Exchange current densities are extracted from the 
Tafel plot in Fig. 2. The edge length was measured on all imaged particles and normalized by the 
imaged area. 


Fig. 4. Volcano plot of the 
exchange current density as a 
function of the DFT-calculated 
Gibbs free energy of adsorbed 
atomic hydrogen for nanoparti- 
‘culate MoS, and the pure metals 
(23). As seen, MoS, follows the 
same trend as the pure metals. 
The MoS, exchange current den- 
ity is normalized to the atomic 
site density of Pt for comparison. 
Samples are polycrystalline un- 
less otherwise noted. 
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10°7 10 3.1» 10-7 Alem pomewie for all MoS; 
samples (table SI), In Fig. 3, we plot the 
‘exchange current density for cach sample vers 
two sample parameters, the MoS2 area cover- 
aye (Fig. 3A), and the MoS: edge state length 
(Fig 3B), The data points fall on a straight line 
only when plotted versus edge length, Athough: 
the points show some scater around this tend, 
they are described by a best-fit linear rel 
with a slope of 1.67 = 102° A/mm 
Because the rate of reaction is directly 
Propentional to the number of edge site for al 
‘sumples, regardkess of particle size, we conclude 
that the edge site is indeed the active site (24), 
Bearing this in mind, we note in Fig. 3A that the 


exchange current densities of the samples 
sintered at $S0°C are significantly Jower than 
those prepared at 400°C, per MoSy coveraus 


exactly as one would expect considering that the 
sintered samples have less edge length perarca of 
MoS). 

We also compared nanoscale MoS; 10 
other materials that catalyze the HER on a 
per active site basis (/). For this direct site 
site comparison, we used the 1.5 = 10' sites/em? 
for the PW111) face as the basis for compar- 
ison as Pris the archetypical HER catalyst (25), 
An exchange current density of 4.5 = 10% 
Nem for this face (26) yields a tumover fre 
quency (TOF) of 0.9 5 (table $2), In general, 
TOFS of transition metals range over 10 orders 
of magnitude (Ig, for instance, has a TOF 
ow as 10°” 5") (22), Given the slope in Fig, 
3B, we have calculated the TOF of the MoS 
alge to be 0.02 §, indeed in the high range of 
TOPs for metals 

Fo further insight into the catalytic nature 
the MoS edge, we have added our data for 
nanoparticulate MoS to a recent version of the 
vokano.type relations observed for HER cata- 
Iysts (Fig, 4), in this case for the Gibbs thee 
enenty for atomic hydrogen adsorption (SGy) 
(22, 23). These volcano relations ultimately 
reflcet the Sabatier principle, which accounts for 
‘optimal surfaces as ones that exhibit moderate 
binding enengics of reaction intermediates, hy- 
«drogen adsorption in the ease ofthe HER. In Fig. 
4, the exchange current density is shown as a 
function of the DFT<alculated fee energy of 
adsorption of hydrogen, which was recently de= 
termined to be “0.08 eV for the MoS edge (8). 
To add MoS to this figure, we converted the 
TOF of nanopasticubte MoS to its exchange 
current density per 1.5 = 10" sitesem?, which 
yields 7.9 = 10° Avon? (table $2), This value 
Surpasses those of the common metals and lies 
just below those of the precious Pt-group metals. 
‘When plotting this experimentally determined 
activity of the edge site versus its DFT-calculated 
AGiq (8), we see that it follows the voleano trend 
(23). This agreement validates the predictive 
capability of this DFT model as well as 
applicability beyond metal catalysts. 

Air identifVing the active site and com- 
paring it with typical metal catalysts, we may 
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consider how to improve its activity. The DFT- 
calculated AGy of the MoSe edge site is slightly 
Positiveat +0.08 eV, with calculations suezesting 
an H coverage of only one-quarter on the edge 
ditions (8). Thus, only 1 in + 
ns evolves molecular Hata given time, 
unlike PU(L11) which operates ata H-coverage of 
~1 ML (7, 26, 27) fall MoS edge sites could be 
made to adsorb I, activity could be inereased by 
itor of 4, This might be accomplished by 
appropriately tuning the electronic structure of 
the edge to inerease the bond strength of the ad- 
sorbed 11 (23). Such a modification could sitmul- 
tancously improve the inherent tumover of each 
‘edge site, further improving the overall activity of 
the material toward that of Pt-group metals 
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Understanding Reactivity at Very Low 
Temperatures: The Reactions of 
Oxygen Atoms with Alkenes 


Hassan Sabbah,? Ludovic Biennier,* lan R. Sims,” Yuri Georgievskii,” 


Stephen }. Klippenstein,”* lan W. M. Smith** 


‘A remarkable number of reactions between neutral free radicals and neutral molecules have been 
shown to remain rapid down to temperatures as low as 20 kelvin, The rate coefficients generally 
increase as the temperature is lowered, We examined the reasons for this temperature dependence 
through a combined experimental and theoretical study of the reactions of OP) atoms with a 
range of alkenes. The factors that control the rate coefficients were shown to be rather subtle, but 
‘excellent agreement was obtained between the experimental results and microcanonical transition 
state theory calculations based on ab initio representations of the potential energy surfaces 


describing the interaction between the reactants. 


n of the CRESU technique (/) 
has shown that a surprising number of 
bimolecular reactions between neutral 

_gasephase species are rapid at very low temipera- 

tures To date, rate coetlicients for some 45 nevtral- 

neutral reactions have been measured (2, 5), in 
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some eases at temperatures as low as 13 K (4). 
Althave rate cvfisients at 298 K, [298 K)] hat 
‘are equal to orexeced ~10"" em molecule * 
Moreover, the general trend with temperature is 
forthe rate coefficients to increase as the temper- 
ature is lowered. 

These observations have led to a reevaluation 
lof the chemistry that occurs in the cold cores (10 
to 20 K) of dense, dark interstellar clouds (ISC3), 
where the majority of interstellar molecules have 
‘been identified. Although sequences of ion- 
mokkcule reactions initiated by the casmic ry 
induced ionization of Hz clearly play a central 
role in this chemistry. neutral-neutral reactions 
are now expected to be more important than 
‘previously thought (5). Unfortunately, the kinetic 
database required for detailed astrochemical 


modeling (6) is still far from complete, There 
are many reactions that may occur in ISC’, such 
as those between pairs of unstable species, for 
Which low-temperature kinetic data neither exist 
sior are likely to be obtained in the foreseeable 
future. Theoretical or semi-empirical methods 0 
cotimating these rate coefficients are theretine 
desirable. 

‘Several complementary theoretical treatments 
(7-9) have been advanced to explain the 
observed negative temperature dependences of | 
rate coefficients for radical-radical reactions 
principally on the basis of the notion of adiabatic 
‘capture of the reactants via long-range attractive 
forces. Although they differ in their details, these 
ucatments all prodict large rate coefliciemts at 
very low temperatures for radical-radical re 
tions, where there is generally no barrier on the 
‘minimum energy reaction path, In the ease of 
radical-molecule reactions, a key ise is whether 
4 potential enengy barrier exists along the mini- 
‘mum energy path ffom reactants. 10 products: 
ther a real bamier (ie., maximum above th 
enemy ofthe separated reactants) or “submerge 
barrier corresponding to a maximum along the 
‘minimum energy path between the shallow min- 
imum associated with a prereaction complex 
and the products (sce below). Further theoret- 
ical work, particularly by Geongievskii and 
Klippenstein (/0, 11), has shown that a sub- 
merged barrier can serve as a sccond inner tran- 
sition state (or bottleneck), because the intemal 
states at this smaller interreactant separation ane 
more widely spaced than at the outer, capture 
transition state. In these circumstances, the rate of 
reaction falls below that predicted by capture 
theories, and a version of microcanonical transi- 
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tion state theory must be applied to make ac- 
curate predictions of the rate coefficients and 
‘their variation with temperature. 

From the standpoint of modeling ISC chem- 
istry, it would be useful to have semi-empirical 
methods to predict which reactions might remain 
fast at very low temperatures, In this spirit, Smith 
etal, (3) examined the data available forreactions 
‘between atomic and mokecular free radicals and 
unsaturated hydrocarbons, sceking a framework 
to predict whether particular radieal-molceule 
reactions would be rapid enough (> 10°" em? 
molecule s") to influence the abundances of 
chemical species in ISCs at temperatures < 20 K. 
Their fist method, based purely on an examina- 
tion of the experimental data amassed to date, led 
them to propose that a radical-molecule reaction 

likely to be rapid at 10 t0 20 K if its room 
jemiperature rite Coe AQ98 K), is greater 
than 5 = 10° em? molscule"* s"" and its ac- 
tivation energy, Eya, around 298 K is zero or 


negative. Conversely, reactions with (298 K) 
<3 10? cm? mokeule' sand Eq > 0 are 
likely to be too slow at 10 t0 20 K to be of im 
portance in ISC chemistry 

Their second approach to the problem of 
predicting the presence of a real potential 
barrier to reaction rests on the notion that such 
barriers are ofien the product of an avoided 
curve crossing between two states: the reac 
tant ground state, which corelaics with a 
product ionic state, and an excited reactant 
ionic state, which correlates with the product 
‘ground state (/2), The barrier that arises de- 
pends especially on the energy of the reactant 
ionic state, which depends in turn on the dif- 
ference between the ionization enerzy (LLE.) 
fof the molecule and the electron affinity (E.A.) 
‘of the radical, conesponding to virtual electron 
transfer between the molecule (the donor) and 
the radical (the acceptor). If (LE, )is 
small, in the presence of long-range attraction 


Table 1. In the first three lines, rate coefficients, M298 K), and activation energies, Ej from Cvetanovic 
(13) are compared with (L€.— E.A, for the reactions of O(°P) atoms with alkenes; the electron affinity of 
the O(°P) atoms is 1.46 eV. The last two lines give CASPT2 energies on the minimum-energy path (all 
relative to the energy of the separated reactants in their ground state): Emin, electronic + zero-point 
‘energy at the minimum of the “prereaction complex”; Emus, electronic + zero-point energy atthe inner 
transition state, Bracketed entries are for the excited-state potential; where there are upper and lower 
entries, the upper entries are for addition at a terminal site, lower entries for addition at a central site, 


Ethene Propene 2-Butene _cis-Butene _iso-Butene _trans-Butene 
(298) (10° cm? 0,073 0.40 0.42 18 Ww 22 
molecule 5") 
Exa (kK) mot) 6.65 23 29 -12 01 
(EEA) (eV) 9.05 8278.09 7.65 7.64 
-13(-09) -47 52 57 63 
54 (118) 0.9159) -05(50) -22(3.3) -3.1 (2.3) 
15180) 0.15.9) 


° 


Hyg (1s) 
Shenshes 


o 123 45 6 
{iso-butene] (10"* molecule cm) 


oo 05 19 15 20 
[iso-butene] (10"? molecule cm?) 


1. (Aand B) Fitted decays of the chemiluminescence from NO; observed in mixtures containing 


i 
(A) 3.20 x 10** molecules cm-* iso-butene at 298 K and (B) 1.62 x 10% molecules cm” iso-butene 
at 39 K. (Cand D) Plots of the pseudo-first-order rate coefficients obtained from such experiments 
plotted against the concentration of iso-butene at (C) 298 K and (D) 39 K. 
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this barrier can be submerged below the reactant 
energy. 

‘fier analyzing the rate coefficients and their 
temperature dependences for a large number of | 
such reactions, most of which had been studied at 
very low temperatures, Smith ef al (3) proposed 
that, when (LE. — ELA.) is greater than 8.75 eV, 
the reaction is likely to possess a trie barrier and 
will therefore become negligibly slow at 20 K. 
On the other hand, reactions with (LE. ~ B.A.) 
<K75 eV are likely to be characterized by, 
‘most, inner barriers that are submerged below the 
asymptotic reactant energy. These latier 
tions will be rapid at 20 K and of potent 
importance in ISC chemistry, Smith er al. fur 
ther noted that the reactions between ox 
atoms in their *P electronic ground state and 
simple unsaturated hydrocarbons have val 
of (LE, ~ E.A.) that bridge the eritical val 
8.75 eV (see Table 1) and would therefore pro 
Vide an important test of their hypothesis. 

To test these ideas, we measured rate co 
efficients for the reactions between OCP) atoms, 
and the alkenes listed in Table 1 in a continuous 
flow CRESU apparatus (). Experiments were 
performed at temperatures between 23 and 208 K 
with the use of differen convergentdivengent 
Laval nozzles and carer gaves, Details of the 
experimental conditions are given in table St. 

For cach kinetic experiment, in addition tothe 
carrier gas (which was present in lange eNcess), 
throe gases were generally included in the st 
pensonic flow: the alkene whose reaction Was 
being studied: NOs, which was photolyaed at 
wm by pulses from a frequency-trpled Ne 
YAG laser to produce OC'P) atoms; and NO. 
Ghemilumineseence fram excited NO, formed 
in the association of OCP) with NO, served as a 
marker for the oxygen atom concentrations and 
decayed as the atoms were consumed in reaction 
‘with the alkene. Figure | shows two such decay 
traces, one reconded at 298 K and one at 39 K, 
both with a small concentration of és 
present in the pas mixture. Each trace was fitted 
to a single exponential curve to yield a preudo- 
first-order rate coefficient (ky) for removal of 
OCP) atoms under the conditions of that par- 
ticular experiment. 

In cach series of experiments, values of Kia 
‘were determined for several different concentra 
tions of alkene and the second-order rate coetl- 
ent (Aaa for the reaction of that alkene with 
OCP) atoms at that particular temperature was 
derived, as shown in Fig. 1, from the gradient of a 
plot offi Versus the concentration of the alkene, 
‘The results of these experiments ane summarized 
in Fig. 2. Full quantitative details are given is 
table SIL and the errors in the experimental data 
are shown in fig. SI 

Figure 2 shows the existence of three distinct 
kkinds of kinetic behavior for OPP) + alkene r= 
actions, Aso-butene, cs-butene, and irans-butene 
have the lowest LE.s of the alkenes used in our 
experiments, and (LE. ~ E.A.) is less than 8 eV for 
the reactions of OCP) with these alkenes, 
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Moreover, the values of A298 K) exceed 10°" em? 
mokcuk "withthe ate coefficients showing a 
7410 or slightly negative dependence on temper 
ature between 300 and 500 K. Below 298 K, as 
expected, the rate coellicients for these actions 
show a monotonic increase as the temperature is 
Jowered, reaching values of ~10"" cm? molecule" 
stat 23 K, the lowest temperature studied here. 
‘The other limit of behavior is exhibited in the 
OP) + Cally reaction. Our result of A298 K) = 
74 = 10° an? molecules" agroes very well 
\ith literature values (13), but only upper limits 
‘could be obtained at lower temperatures, A39 K) = 
1.6» 10" em molecule" s. The appreciable 
activation energy for this reaction (13, 14) and its 
relatively large value of (LE, ~ E.A.) both suggest 


that this reaction should be very slow at the 
temperatures accessible in a CRESU apparatus 
(and present in dense ISCs). The existence of an 
appreciable real barrier on the potential for this 
reaction, as shown in Fig. 3. is also supported by 
previous ab initio calculations (15), 

The reactions of OCP) atoms with I-butene 
and propene provide the most demanding test of 
the hypotheses made by Smith et af.(3). The rate 
coefficients for both reactions at 298 K are clase 
to the value of A298 K) = 3 « 10? cm? 
molecules, which Smith ef al. proposed 
might separate rapid from slow kow-temperature 
reactions. Moreover, the rate coefMicients exhibit 
small positive dependences on temperature, 
represented by the activation energies given in 


Fig. 2. The points show 
the experimentally deter- 
mined values of the rate 
coefficients for the reac 
tions of Of*P) atoms with 
alkenes at different tem- 
peratures, and the dashed 
lines show the results of 
the theoretical calcula- 
tions. The solid tines to 
the right of the diagram 
Fepresent the Arrhenius 
‘expressions recommended 
by Cvetanovic (13) to fit 
kinetic data between 300 
and 500K. 


10. 


wo" 


‘k(cm? molecule” 8") 


10". 


TK) 


Fig. 3. Curves showing the 
variation of potential energy 
along. the minimum energy 
paths for OP) + ethene (upper 
pair of curves) and O('P) + 
trans-butene (lower pair of 
curves), calculated using the 
CASPT2 method. The ground 
and fist excited electronic states 
are shown by the solid and 
dashed lines, respectively. All 
‘curves show minima associated 
with the prereaction complex 
‘and maxima associated with real 
‘or submerged barriers. The zero 
‘of energy is set atthe energy of 
the separated reactants. 


6 JULY 2007 VOL317 SCIENCE 


28 30 32 a4 


28 
Feo (A) 


‘Table | and the curves in Fig, 2 Onthe otherhand, 
their values of (LE. ~ EA.) are less than, although 
‘ot much less than, 8.75 eV. The rate coefficients 
below 298 K measured in the present work in- 
crease as the temperature is knvered. The variation 
of the rate cneficints with temperature for both 
these reactions is similar to that found for the 
reaction of CN with Cal, (16), which has recently 
been reproduced in microcanonical transition state 
thoory calculations (//) that allow for the presence 
of both an outer and inner transition state 

To understand more decply both the observed 
kinetic bchavior of the reactions of OCP) atoms, 
with alkenes and the origins of the partly 
exssfil correlations of the rate coeflicients and 
the temperature dependence with (LE. ~ EA.) 
‘we euied out calculations similar to those on 
€N with Cate (1) and on OH with Calls 10). 
These calculations consider only the rate of f 
mation of the strongly bound triplet addition 
complex between OCP) and an alkene, In gen= 
«ral, this complex is either stabilized by collision 
with a thin! body or dissociates. to exothermic 
reaction products (/3), such as CH,CHO + I 
or CHy © HCO when OCP) atoms react with, 
Colla, The focus of the present calculations is 
the accurate treatment of both the inner and 
‘outer transition state regions on the basis of high+ 
level ab initio studies of the potential energy 
surface. These properties were detemnined with 
second-order multieference perturbation theory 
(CASPT2) using the MOLPRO quantum chem 
istry package (/7), 

For the OCP) + alkene reactions, there are 
multiple inner transition states correlating. with 
different addition sites and with different elec- 
tronic states. In particular, the OCP) atom can add 
to either carbon atom of the x bond, with the 
terminal adltion (ic, to the C atom of the "CH 
rou) generally being prefered. Also, two of 
the three orientations for the lone pair orbital 
‘on the oxygen atom correlate with strong b 
ing inthe complex. However, the barrier forthe 
first excited state is always above the energy of 
the reactants and thus has fittle effect at low 
temperatures. 

The electronic dynamics are assumed t0 be 
afiabatie, and the ground and excited electronic 
sales at the inner transition state are correlated 
with the long-range spin-orbit states (fig, S2). 
‘The inner, Nggeg) and outer, Nig. transition 
slate number of sates fora given electronic state 
are related to an effective number of states, N+ 
in Eq. 1 (10, 11,18) 


ay 


For cach of the reactions studied here, a rate 
inge capture of ~4 10 3 * 
10°" cm* molecule" s* is predicted at 20 K, 
with a modest (~7") increase with temperature, 
“The adiabatic electronic assumptions reduce the 
Jow-temperature rate coefficients by a fictor of 
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3/5, w 2.5 to 3 10°" em® molecule”! sat 
20K, which is within a factor of 2 of the mea- 
sured rate coefficients forciy-and truns-butene. 

‘The CASPT2 predictions for the saddle point 
‘energies, given in Table 1, correlate with the ex- 
Pectations, discussed earlier, based onthe different 
valuss of (LE. ~ EA), For ethene, the positive 
‘atir leads to alow reactivity at low temperature 
Propene and -butene are near ideal intermediate 
‘eases, with barriers within 1 kJ mol of the eac- 
tants For propene, the inner transition state strong 
ly aflects the rae coeflicient even at 20 K. but the 
barr is just low enough that, with tunneling, the 
rate coeflicient does not decay to small values at 
low temperatures. For I-butene, the rate coefficient 
ries with decreasing temperature but is sill an 
‘order of magnitude below the long-range capture 
value at 20 K. For the other butenes, the ground- 
state barriers are stony submerged (ie. by 
3 kJ mot and the addition rates increase rapid 
With decreasing temperature, eveceng 10" em? 
molecule"! s"by 20K. The changing nature ofthe 
reaction with changing (LE. E.A.) is illustrated by 
the plots in Fig, 3 of the minimum energy path 
Potentials asa function of the CO separation for 
the ground and first excited states in the OCP) + 
ethene and OCP) + rans-butene reactions, 

‘The calculated rate coeflicients for addition 
arising fom the present two-transition state 
model are illustrated as dashed lines in Fig. 2 
The calculations have been extended down to 
1K, and the results for the range trom 10 t0 1 K 
are given in fig. SI. For OCP) © propene, the 
predicted rate coefficients are highly sensitive to 
the energy of the inner saddle point wit a factor 
‘of2 variation at 100 K fora 0.7 kJ mot change. 
The CASPT2 predicted harier was adjusted 
downward by 0.6 KI mot" to obtain optimum 
‘agrvement with experiment. For consistency. this 
adjustment was applied to the other reactions as 
Well. For the butene eases, this adjustment has an 
insignificant effect on the predictions. 

‘The remarkably good agreement between 
the theoretical predictions and experimental ob 
servations strongly validates the present two: 
transition state mode. The calculations show that 
both the inner and outer transition states have an 
effet on the reaction kinetics throughout the 20 
to 400 K range. At low temperatures the outer 
transition state dominates, whereas at high tem- 
peratures the inner transition state dominates. The 
increasing importance of the inner transition state 
With increasing temperature causes the negative 
temperature dependence between 200 and 20 K. 
The OCP) + Cally reaction, where the positive 
barrier forthe inner transition state dominates the 
kinetics at all temperatures, provides the only ex- 
ception, The accurate treatment of both transition 
sate regions isa key prerequisite to understanding 
and predicting the kinetics of these reactions at knw 
temperatures. 

The agreement between experiment and 
theory found for the OPP) * alkene reactions 
suggests 10 Ways in Which CASPT2 calcula 
tions of barrier heights might be used to estimate 
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the possible importance in ISCs of other reactions 
between radicals and unsaturated molecules, 
depending on whether experimental information 
is available for the kinetics of the reaction in 
<question—for example, a measured value of the 
rate coefficient at room temperature. If $0, un- 
ccerainty in the ab initio calculations ofthe inner 
tamer height, which experience suggests might 
amount to a few KI mot", could be reduced by 
‘comparing theoretical and experimental values of 
the om-cmperature rate coefficient so as 10 
tune the potential energy at the inner transition 
state, and thereby improve the theoretical esti 
inate ofthe low-temperature rate coefficients. As 
described above, we adopted this method with 
the use of the data for OF P) + propenc, although 
we found that the adjustment needed was quite 
small. In cases where no kinetic data exist, such 
a for the reactions of radicals with carbon chains 
(29), wore reliance will have to be placed on the 
theory, guided by the suecess of the present cal 
«ulations, or on the semi-empirical arguments en 
cceming the value of (LE. ~ EA). Atte very lest, 
these methods shouk! provide guidance at the 
corder-of magnitude evel, which is itself valuable 
atthe present vel of astrecemical modeling, 
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Long-Lived Giant Number Fluctuations 
in a Swarming Granular Nematic 


Vijay Narayan,” Sriram Ramaswamy, Narayanan Menon? 


oherently moving flocks of birds, beasts, or bacteria are examples of living matter with spontaneous 
‘orientational order. How do these systems differ from thermal equilibrium systems with such liquid 
crystalline order? Working with 2 fluidized monolayer of macroscopic rods in the nematic liquid crystalline 
phase, we find giant number fluctuations consistent with a standard deviation growing linearly with the 
mean, in contrast to any situation where the central limit theorem apples. These fluctuations are long 
lived, decaying only as a logarithmic function of time. This shows that flocking, coherent motion, and large 
scale inhomogeneity can appear in a system in which particles do not communicate except by contact. 


casity is a property that one can measure 
D= arbitrary accuracy for materials at 

thermal equilibrium simply by increas- 
ing the size of the volume observed. This is be- 
cause a region of volume ¥ with V particles on 
average. ordinarily shows fluctuations with stan- 
dard deviation AV proportional to VN. so that 
fluctuations in the number density go down as 
V/V. Liquid crystalline phases of active or se 
propelled particks (/-4) are different, with AV 
predicted (2-5) to grow faster than VV and as 


fast as Vin some cases (5), making density an ile 
defined quantity even in the limit of a large 
system, These predictions show that flocking, 
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and giant density fluctuations are 
imately related consequences ofthe orientation 
al order that develops in a sufficiently dense 
grouping of selfdriven objects with anisotropic 
bly shape. This has substantial implications for 
wgcal pattem formation and movement ecol- 
(6y: The coupling of density fluctuations 10 
ment of individuals will affect populations as 
herds of cattle, swans of locusts (7), 
schools of fish (8, 9), motile cells (J0), and 
filaments driven by motor protcins (/-13) 

We report here that persistent giant number 
uctue of particle currents 
to particle orientation arise in far simpler driven 
system, namely, an agitated monolayer of rodlike 
particles shown in (/4) to exhibit liquid crystal 
Tine order. These tions have also been 
observed in computer simulations of a simple 
model of the flocking of apolar particles by Chaté 
eral. 15), The rods we used were cut to a length 
14.6 = 0.16 (SEM) mm from copper wire 
diameter d= 0.8 mm, The ends of the rods were 
etched to give them the sha 
pin. The rods w 
cell | mm 


jons and the coupli 


re confined in a quasi-two. 
and with a circular 
The cell was 

the horizontal plane on a perma 
net shaker and vibi 
frequency f= 200 Hz, with an amplitude, 4, 
between 0.025 and 0.043 mmm. The resultant 
n?77AVg, wh 


dimension 


cross-section 13 em in diameter 
ted 


Fig. 1. Giant number fluctuations in active granular rods. (A) A snapshot of 
the nematic order assumed by the rods. There are 2820 parties (counted by 
hand) in the cell (area fraction is 66%) being sinusoidally vibrated 
perpendicular to the plane of the image, at a peak acceleration of [= 5. 
The sparse region at the top between 10 and 11 o'clock is an instance of a 
large density fluctuation. These take several minutes to relax and form 
elsewhere. (B) The magnitude of the number fluctuations (quantified by AN 
and normalized by VN) against the mean number of particles, for subsystems 
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gg isthe acceleration duc to gravity varies betwee! 
1 =4 and [= 7. We varied the total numbe 
panicles in the cell, Neus between 1500 and 
2820. Neg in cach instance was counted by 
hand. The arca fraction, 9, occupied by the par- 
ticles is the total projected arca of all the rods 
divided by the surface arca of the cell. @ varies 
from 3: ». Our experimental system is 
similar to those used to study the phase behavior 
of inelastic spheres (/6, 17). Galanis et al. (18) 
shook rods in a similar setup, albeit with much 
less confinement in the vertical dicetion. The 
particles were imaged with a digital camera (9) 
The rods gain kinetic energy through frequent 
collisions with the floor and the ceiling of the 
cell. Because the axes of the partickss are almost 
always inclined to the horizontal, these collisions 
impart or abso momentum in the horizontal 
plane. Collisions between particles conserve mo- 
‘mentum but also drive horizontal motion by con- 
venting vertical mo n in the plane. 
Interparticle collisions as. well as particle-w 
collisions are inelastic, and all particle motion 
would cease withi nes i the 
Vibrations were switched off, The momentum of 


ither, be- 
‘cause the walls of the cell ean absorb or impart 
momentum, The rods are apolar; that is, individ. 
ual particles do not have a distinet he 
that determine fore 
motion and can form a tue nematic phase. The 


the system of rods is not consery 


ft orientation or direction 
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experimental system thus has all the physical 
ingredients of an active nematic (I-4), 

The system is in a very dynamic steady state 
with particle motion (movie SI) organized in 
macroscopic swirls, Swirling motions donot 
necessarily imply the existence of giant number 
fluctuations (20, 2/); however, particle motions 
m generate anomalously lange Muc- 
‘uations in density. Figure 1A. shows a typical in- 
nd the Fig. 1B inset 
tion function G(r) 


(e020, 
separated by a distance r and oriented at angles 0, 


6)), where ij run over pairs of particles 


and 0, with respect to a reference axis, The an 
brackets dena ‘overall such pairs and 
about 150 images spaced 15's apart in time. The 
data in the inset show that the systems with Nut 

2500 and Nowa ~ 2820 display qua ranged 
nematic onder, where G(r) decays as a power of 
the separation, 1. On the other hand, the system 
With Nas = 1500 shows 
nematic onder, with G(r) doe 
with r; Details of the erosson 
behaviors can be found in [Supporting Online 
Material (SOM) text]. Autocorrelations of the 
density fick! as well as of the ori 
tagged particle decay to zero.on much shorter time 
scales (SOM text), so we expect these in 
be stat To quantify the 
number fluctuations, we extracted from each 
image the number of particles in subsystems of 


2820,4 = 66% 


‘of various sizes. The number fluctuations in each subsystem are determined 
from images taken every 15 s over a period of 40 min (19). The squares 
represent the system shown in (A) It is a dense system where the nematic 
‘order is well developed. The magnitude of the scaled number fluctuations 
decreases in more dilute systems, where the nematic order is weaker (SOM 
tex. Deviations from the central mit theorem result are stil visible at an area 
fraction = 58% (diamonds) but not at an area fraction = 35% (circles). (inset) 
The nematicorder correlation function as a function of spatial separation. 


dliflerent size, defined by windows ranging in size 
from 0.1/ by 0.10 10 12/ by 12L. From a series of 
images we determined, for each subsystem size, 
the average Vand the stindard deviation, AV. of 
the number of particles in the window. For any 
system in which the number fluctuations obey the 
conditions of the central limit theorem (22), 
AN/VN should be a constant, independent of 
NV. Figure 1B shows that, when the arca fraction 9 
ANN is not a constant. Indeod, for big 
ms, the data show giant ucts 


tions, AN, in the number of panicles, growing far 
more rapidly than VN and consistent with a 
‘proportionality to NV. For smaller average number 
density, where nematic order is poorly developed, 
this eflect disappears, and AN’ y/N is independent 
‘of N, asin thermal equilibrium systems. The roll 
offin AN/V/N at the highest values of Nisa finite- 
size effect: For subsystems that approach the size 
‘ofthe entire system, lange number fluctuations are 
1no longer possible because the total number of 
particles in the cell is held fixed. 


afore 7 7 a 
ar Nees ™2820, 6 = 66% 
és ‘Subsystem size = x f 
eo r-478 
Sér Pa S85 
2 a Te 691 


Fig. 2. The logarithmic dependence of the local 


°* t (seconds) 


density autocorrelation, Cit) = <plOvplt)> [qt is 


the deviation from the mean of the instantaneous number density of particles, is a direct 
consequence (SOM test), and hence a clear signature, of the large density fluctuations in the 
system. It is remarkable that such a local property reflects the dynamics of the entire system 50 
strongly. It fs seen that increasing I shortens the decay time. This is consistent with the fact that 
the magnitude of the giant number fluctuations grows with the nematic order (SOM text. 


ox 

Displacement in units oft" 
Fig. 3. The microscopic origin of the macroscopic density fluctuations. The probability distribution of the 
‘magnitude of the displacement along and transverse to the particles long axis over an interval of 1/300 of 


‘a second shows that short time motion of the rods is anisotropic even at the time scale of the collision 
time. This anisotropy is explicitly forbidden in equilibrium systems by the equipartition theorem. 
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We examined a subsystem of sie / by 1 
fone rod length on a side) and obtained a time 
series of particle number, (0), by taking images 
ata frame rate of 300 frames per s. From this we 
doternined the temporal autocorrelation, C(), of | 
the density fluctuations, CU) decays logarithmi- 
cally in time (Fig. 2), unlike the much more rapid 
7 decay of random, diffusively relaxing density 
fluctuations in two dimensions. Thus, the density 
fluctuations are not only anomalously lange in 
‘magnitude but also extremely long-lived. Indeed, 
these Wo eflects an’ intimately related: An 
intermediate step in the theoretical argument (5) 
that predicts giant number Muctuations. shows 
that density fluctuations at a wave number y have 
a variance proportional to g * and decay diffu 
sively. This leads to the conclusion (SOM text) 
that in the time regime intermediate between the 
times taken fora density mode to diffuse a par- 
tick: length andthe size of the system, the auto- 
corelation function of the local density dec 
only logarithmically in time, Although the obser- 
vations agree with the predicted logarithmic 
decay, we cannot as yet make quantitative st 
‘ments about the coefficient of the logarithm, We 
‘ote that the size of subyystem is below the scale 
of subsystem size at which the standard 
deviation has become proportional to the mean, 
In flocks and herds as well, measuring the 
dynamics of local density fluctuations will yiekd 
crucial information regarding the entire system’ 
dynamics and can be used to test the predictions 
of Toner and Tu (2, 3), 

‘What are the microscopic origins of the giant 
density fluctuations? Both in active and in equi- 
libcium systems, particle motions kead to spatial 
Variations in the nematic ordering direction. How- 
«ver, in active systems alone, such bend and splay 
of the orientation are predicted (5) t0 select a ie 
rection for coberent panicle currents, These 
courvature-driven curents in tum engender giant 
number Muctuations, We find qualitative evidence 
for curvature-induced currents in the flow of 
particles near topological defects (SOM text), In 
the apolar Nlocking model of /5), purtcles move 
by hopping along their axes and then reorienting, 
‘with a preference to align parallel to the average 
‘orientation of particles in thei neighborhood, Re 
<uiring thatthe hop be along the particle axis was 
suflicent to produce giant number fluctuations in 
the nematic phase of the system. It was further 
suggested in (/5) that the curvature-induced 
currents of (5), although not explicitly put into 
their simulation, must emenge as a macroscopic 
consequence of the rules imposed on microscop- 
ic motion. This suggestion is substantiated by the 
‘work of Ahmadi ef al. (23), who started from a 
microscopic mode! of molecular motors moving 
preferentially along biofilaments and showed by 
coarse-graining this model that the equation of 
‘motion for the density of filaments contains pre- 
cisely the term in (5) responsible for curvature- 
induced currents 

{In our experiments, we found anisotropy at 
the most microscopic level of single particle mo- 
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tion, even at time scales shorter than the vibration 
frequency. In equilibrium, the mean kinetic 
‘energies associated with the two in-plane trans- 
lation degrees of freedom of the particle are 
‘equal, by the equipartion theorem, even if the 
particle shape is anisotropic, Figure 3 is a 
histogram of the magnitude of particle displace- 
ments over a time corresponding to the camera 
frame rate [1/300 s, or (2/3)f-'). The displace- 
ment along and perpendicularto the axis of the 
rod are displayed separately, showing that 3 
particle is about 2.3 times as likely to move 
‘along its length as it is to move transverse to its 
length. Because the period of the imposed 
vibration (/°') sets the sale for the mean fie 
time of the particles, this shows that the mation of 
the rods is anisotropic even at time seales less than 
‘or comparable to the mean free time between 
collisions 

We have thus presented an experimental 
demonstration of giant, long-lived number fac 
tuations ina two-dimensional active nematic 
‘The particles in our driven system do not commu 
nicate except by contact, have no sensing mecha- 
nisms, and are not influenced by the spatially 
Varying pressures and incentives of a biological 
environment, This reinforces the view that in 
living mater as well, simple, nonspecific inter 


actions can give rise to large spatial inhomo- 
‘geneity. Equally important, these effects offer a 
counterexample to the deeply held notion that 
density is a sharply defined quantity for a lange 
system. 
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Trench-Parallel Anisotropy Produced 
by Foundering of Arc Lower Crust 


‘Mark D. Behn,"* Greg Hirth,” Peter B. Kelemen” 


‘Many volcanic arcs display fast seismic shear-wave velocities parallel to the strike of the trench, 
This pattern of anisotropy is inconsistent with simple models of corner flow in the mantle wedge. 
Although several models, including stab rollback, oblique subduction, and deformation of water- 
rich olivine, have been proposed to explain trench-parallel anisotropy, none of these mechanisms 
are consistent with all observations. Instead, small-scale convection driven by the foundering of 
dense arc lower crust provides an explanation for the trench-parallel anisotropy, even in settings 
with orthogonal convergence and no slab rollback. 


he origin of seismic anisotropy in Earth's 
iprer mantle iatribte to the deforation- 

induced alignment of olivine erysials An- 
isotropy can be quantified through measurements 
‘of shearswave spliting, in which the orientation 
and strength of the anisotropy are estimated by 
measuring the polarization direction of the 
test-propayating shear wave and the delay 
ne between the arrivals of the fastest and 
slowest shear waves. The relation between an- 
isotropy and mantle flow is seen clearly at mid 
‘ocean ridges, where fast polarization directions 
are oriented parallel to the spreading direction 
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(Z). This observation is consistent with a model 
in which the olivine a axis aligns with the trans- 
‘port direction inferred for comer flow beneath a 
ridge (2. 3). 

Bencath voleanic ares, shear-wave spliting 
‘measurements frequently show fast polarization 
irections parallel to the strike of the are (4-6), 
Which rotate to a trench-normal orientation in 
the back-arc (5, 6). Direct comparison of delay 
times from teleseismic SAS phases (which 
propagate through the entire mantle} (7) and 
local S phases generated in the subducting slaty 
(8) indicates that a substantial fraction of the 
‘rench-parallel anisotropy resides in the manthe 
wedge above the slab (Fig. 1). Splitting mea- 
surements from local events also show strong 
along-are variability in the orientation of an- 
isotropy. with certain regions being character- 
ized by trench-parallel anisotropy and other 


regions displaying more variable fast polariza- 
tion directions (Fig. 1) (8-0). In contrast, Wo- 
dimensional (2D) models of slab-driven corner 
flow, like those invoked to explain the pattern 
‘of anisotropy at mid-ocean ridges, predict trench- 
normal anisotropy in the mantle wedge at stb- 
duction zones (17). 

Definmation experiments on olivine aggre- 
gates show that the latice preferred orientation 
(LPO) changes as a function of water content, 
stress, and temperature (72, 73), Particularly 
intriguing is the observation of LPO controled 
by the dominance of slip on the (010,001 slip 
system (i, the Baype system), In this regime, 
which is predicted 10 dominate at high water 
content and low temperature/high stress, fist 
polarization directions are perpendicular 10 the 
flow direction (they are trench-parallel for 2D 
slaib-driven comer flow), However, although 
numerical models (/4) predict B-type fabric in 
the fore-are, it is not predicted beneath the are or 
in the back-arc, where trench-parallel anisotropy 
is offen observed. 

‘An altemative explanation for trench parle 
anisotropy is 3D flow inthe mantle wedge dae to 
‘oblique convergence or slab rollback (1, 15). 
Yet, these models do not explain trench-parallel 
anisotropy observed in settings with nearly oF 
thogonal convergence and litte rollback (Fig. 1) 
4.8). Another potential source of 3D flow in the 
mantle wedge is buoyancy-driven flow resulting 
fiom the foundering of high-density malic and 
ultramafic cumulates into the underlying mantle 
(26). Atconditions appropriate for are lower ust 
(800 to 1000°C and 1 GPa) (17), many crustal 
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assemblages are denser than the underlying man- 
tle (16, 18, 19). Such high-density layers can 
become gravitationally unstable and sink into 
the mantle witha chareteristicalong-are spacing 
‘of 30 to $0 km on time seales of ~10° years 
(lig, SI) U8). 

Here we show that 3D flow in the mantle 
wedge due to lowercrustal foundering is 
capable of producing trench-parallel seismic 
y. We used Finite element models to 
instantaneous mantle flow beneath 
ized island arc (Fig. 2A and support- 
ing online material (SOM)|. We assumed an 
asthenospheric viseasity of 3 * 10 Paes, which 
is consistent with the extrapolation of exper- 
imental data to mantle wedge conditions in the 
presence of water and/or melt (20). To pro- 
mote comer flow similar to that produced 
With temperature-dependent and/or stress~ 
dependent viscosity (/7, 2), we imposed zero 
‘coupling between the downgoing slab and the 
lithosphere and a shallowing of the lithosphere 
asthenosphere boundary dineetly beneath the are 
(Fig. 24), 

‘We analyzed instantaneous flow induced 
by a series of spheres 16 km in diameter, 
depth of $0 km (-20 km below the 
te transition) and with an along-are 
spacing of 40 km (Fig. 2A), The size and 
spacing of the instabilities were based on the 
scaling analysis and geochemical modeling of 
the Talkeetna are section presented in the 
SOM. The spheres were $0 ky/m? denser than 


120° 125° 130° 


Fig. 2. Shear-wave splitting measurements from 
teleseismic SKS (thick bars) and local S phases 
(thin bars) along the Ryukyu arc (7, 8). The 
orientation of the bars corresponds to the fast 
polarization direction, and bar length is scaled by 
delay time. Triangles denote the location of F-Net 
seismic stations. Splitting values for SKS phases 
are plotted at the station; values fr local S phases 
are shown at the midpoint between the station 
and the event. Although the SKS measurements 
show relatively uniform trench-parallel fast polar- 
ization directions, the local 5 phases show a more 
‘complex pattem of anisotropy. 


yawn sciencemag.org_ 


the surrounding mantle, which is appropriate 
for the “missing” ultramafic cumulates from 
the Talkeetna section (19. The downwelling 
instabilities generated small-scale return flow 
with a strong are-parallel component (Fig. 
2B), Trench-parallel transport was strongest in 
the regions of upwelling retum flow, and there 
was a sharp transition between are-normal 
flow in the back-arc and trench-parallel flow 
directly beneath the are (Fig. 2B). 

‘As a proxy for the orientation of scismic 
anisotropy arising from this flow fickd, we cal- 
culated the maximum clongation direction of 
the strain-rate ellipsoid (22), These calculations 
showed regions of coherent trench-parallel shear 
above zones of upwelling and radial paterns of 
shear located over zones of downwelling (Fig. 
2C). The back-are mantle was characterized by 
‘rench-normal shear. These results are consistent 
\ith the spatial pattem of anisotropy observed! in 
shearswave spliting measurements on focal S| 
phases from many subduction zones (8-10). 
Furthermore, our numerical results are also con 
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sistent with preserved fabrics in residual perid- 
tits at the base of the Talkeetna section, which 
recon! trench-parallel flow rather than B-type 
olivine fabric 

Our model predicts trench-normal shear in 
the fore-are, where some shear-wave splits 
studies show trench-parallel fast polarization 
directions (6), There are several possible ex- 
planations for this discrepancy. First, in our 
model, instabilities are not advected tren! 
‘ward with the comer flow. Thus, their influence 
fon flow is imposed to be greatest directly be- 
ow the are. Sccond, although the development 
of B-type fabric is inconsistent with high tem- 
peratures dircetly below the arc, it is more 
likely in the colder fore-are mantle (/4), 
nally, high-temperature fabries produced under 
the are could migrate into the fore-are durit 
subduction erosion, 

To estimate the range of conditions over 
which foundering dominates the pattems of 
anisotropy, we compared the horizontal shear 
sirain rate generated by Stokes flow to that from 
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Fig. 2. (A) Numerical model setup for 3D calculations of mantle flow. (B) Vertical and (C) planform 
sections showing the orientation of the mantle velocities (top) and the long axis ofthe finite strain-rate 
ellipsoid (bottom). Foundering produces 30 flow in the mantle wedge and coherent regions of trench- 


parallel shear below the volcanic arc. 
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Fig. 3. Ratio of the maximum horizontal shear strain rate generated by Stokes flow, ésate, to the 
‘mean horizontal shear strain rate associated with slab-driven corner flow, famer- Calculations are 
shown as a function of sphere diameter versus asthenospheric viscosity, n, assuming a slab velocity of 
‘6 cmiyear. The density contrasts relative to the surrounding mantle (Ap) shown are appropriate for 
(A) ultramafic [(Ap) = 50 kg/m?) and (B) garnet-rich gabbroic (Ap = 200 kg/m”) cumulates from the 
Talkeetna section (19). For typical geologic conditions, the horizontal shear strain rates associated 
with Stokes flow are larger than those for corner flow, implying that Lower-crustal foundering may be 
an important mechanism for generating 3D flow in the mantle wedge. The open circle illustrates 
conditions used in the 3D flow model shown in Fig. 2. 


slablriven comer flow for a fuid of constant 
Viscosity. The comer Mow simin rate was ealk 
culated assuming a 30-km-thick lithosphere at a 
distance of 100 km from the trench, come 
sponding wo the typical location of an island are 
for a slab dip of 4S°, Our calculations (Fig. 3) 
indicate that for a range of geologic conditions 
(Jorexample, instability diameters of 10t020km 
and wedge viscosities of 10" to 10" Pass), the 
horizontal shear strains will be strongly influe 
‘enced by foundering (Figs, 2 and 3), 

For foundering w affect the time-averaged 
flow field in the mantle wedge, the instability 
zrowth rate must be roughly balanced by the rate 
‘of enustal accretion, The rate of magma produc- 
tion for anes és ~$0 to 150 km/km per million 
_years (My) (24) Assuming that about half ofthe 
magmatic thy forms a dense layer a the base of 
the erust(25),~2 km would be added to a 30-km- 
Wide arc every ~10° years (Fig. 4). The instability 
time for a dense layer 2 to 4 km thick is ~| 
Years at conditions appropriate for are lower ceust 
(Fig. 4) (18), These rates imply that the dense 
Jayer would grow toa thickness of 2104 km over 
several million years before becoming unstable 
(intersection of solid and dashed curves in Fig. 
4), Thus, we infer that instabilities with diameters 
of 16 to 20 km (corresponding 10 dense-Layer 
thicknesses of 2 to 4 km) should form every 10° 
10 10 years. 

Volcanic centers move within ares om atime 
scale of ~L0° years. The initiation of instabilities 
will probably occur between active volcanoes 
where igncous crust cools 0 <850°C near the 
Moho (/8). Instability growth in these locations 
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Will in tum drive upwelling in the intervening 
regions. Such upwelling has the potential 10 

duce pressure-release melting. which would 
in tum generate additional volcanism. As- 
suming 1% melt per kilobar of decompression, 
removing a 1- to 2-km cumulate layer over the 
source region for the instability will produce a 
minimum of ~10 km? of mel per instability 
This process could persist through time, 
resulting in altemating periods of magmatic 
activity at are volcanoes. An analogous process 
that could produce similar horizontal strains in 
the mantle wedge and localization of are 
volcanism is upward transport of low-density 
diapirs composed of subducted sediment, 
serpentinite, and/or partial melt rising. from 
the slab (26, 27). In conclusion, the effects of 
3D mantle flow induced by foundering can 
produce coherent regions of trench-parallel 
anisotropy. as well as the more complicated 
spatial pattems of anisotropy observed at ares 
where data of higher-density shear-wave 
splitting data are available (8-10), Further- 
more, our analysis suggests that using splitting 
data solely at island stations biases the inter- 
pretation of the flow field in the mantle wedge 
beneath the are. 
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Ancient Biomolecules from 
Deep Ice Cores Reveal a Forested 
Southern Greenland 
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Its difficult to obtain fossil data from the 10% of Earth’s terrestrial surface that és covered by thick 
‘Glaciers and ice sheets, and hence, knowledge of the paleoenvironments of these regions has 
remained limited, We show that DNA and amino acids from buried organisms can be recovered 
from the basal sections of deep ice cores, enabling reconstructions of past flora and fauna. We 
show that high-altitude southern Greenland, currently lying below more than 2 kilometers of ice, 
was inhabited by a diverse array of conifer trees and insects within the past million years. The 
Tesults provide direct evidence in support of a forested southern Greenland and suggest that many 
deep ice cores may contain genetic records of paleoenvironments in their basal sections. 


regions such as Greenland and Antarct 

are poorly understood because much of 
the fossil evidence is hidden below kilometer- 
thick ice sheets (/-.2). We test the idea that the 
basal sections of deep ice cores can act as 
archives for ancient biomolecules. 
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The samples studied come fiom the basal 
impurity-rich (silty) ice sections of the 2-km- 
Jong Dye 3 core from south-central Greenland 
(A), the 3-km-ong Greenland kee Core Project 
(GRIP) core from the suminit of the Greenland 
x sheet (5), and the Late Holocene John Evans 
lacier on Ellesmere Islan, Nunavut, nomthem 
(Canada (Fig. 1). The last-mentioned sample was 
included as a control to test for potential exotic 
DNA because the glacier has recently overridden 
a land surface with a known vegetation cover 
(6). As an additional test for long-distance 
atmospheric dispensal of DNA, we included 
five control samples of debris-ee Holocene 
and Pleistocene ice taken just above the basal 
silty samples from the Dye 3 and GRIP ice 
cores (Fig. 1B). Finally, our analyses included 
sediment samples from the Kap Kobenhavn 
Formation from the northernmost part of 
Greenland, dated to 24 million years before 
the present (Ma yr BLP) (I, 2b 

Thesilty ice yielded only a few pollen grains 
and no macrofessils (7). However, the Dye 
and John Evans Glacier silty ice samples showed 
low levels of amino acid racemization (Fig. 1 
inset), indicating good organic matter preserva- 
tion (8). Therefore, after previous success. with 
penmatiost and cave sediments (9-11), we at- 
tempied to amplify ancient DNA from the ice. 
This was done following strict criteria wo secure 
authenticity (/2-14), including covering the sur- 


face of the frozen cores with plasmid DNA to 
contro! for potential contamination that_may 
have entered the interior of the samples through 
cracks or during the sampling procedure (7). 
Polymerase chain reaction (PCR) products of 
the plasmid DNA were obtained only from ex- 
tracts ofthe outer ioe serapings but not from the 
interior, confiming that sample contamination 
had not penetrated the cores. 

Using PCR, we could reproducibly amplify 


short amplicons [59 10 120 base pairs (bp)] of 


the chloroplast DNA (cpDNA) rheL. gene and 
‘rn intron from ~30 g of the interior ice melts 
from the Dye 3 and the John Evans Glacier silty 
samples. From Dye 3, we also obtained 97-bp 
amplicons of invertebra Jhrome oxidase 
subunit I (COL) mitochondrial DNA. (mDNA), 
Attempts to reproducibly amplify DNA. from 
the GRIP sity ive and from the Kap Kobenhavn 
Formation sediments were not successful, These 
results are consistent with the amino acid race- 
mization data demonstrating superior preser= 
Vation of biomolecules in the Dye 3 and John 
Evans Glacier silty samples, which is likely 
because these simples are cokler (Dye 3) or 
younger Gol Evans Glacier) than the GRIP 
sample (Fig. 1A. inset). We also fai to amplify 
DNA from the five control samples of Holocene 
and Pleistocene ice taken just above the silty 
samples from the Dye 3 and GRIP ice cores 
(volumes: 100 gw 4 ky: Fig. 1B) (7), None of 
the simples studied yielded putative sequences 
of vertebrate mDNA, 

AA previous study has shown that simple com= 
parisons of short DNA sequences to GenBank 
sequences by means of the Basic Local Align- 
ment Search Tool (BLAST) make misidentifica- 
tion likely (15). Therefore, we assigned the 
‘obiained sequences t0 the taxonomic levels of 
order, fimily, oF genus using a new rigorous 
statistical approach (7). In brief, this Bayesian 
method calculates the probability that each se= 
‘quence belongs to a particular clade by conse 
ering its position in a phylogenetic tree based on 
similar GenBank sequences. In the calculation 
of these probabilities, uncertainties rewarding phy- 
Jogeny, models of evolution, and missing data 
are taken into account. Sequences with >90% 
posterior probability of membership 10 a taxo- 
nomic group were assigned to that group. Addi- 
tionally, a given plant taxon was only considered 
‘genuine if sequences assigned to that taxon were 
found to be reproducibly obtained in separate 
analyses (by independent laboratories for the 
Dye 3 sample and within the laboratory for the 
John Evans Glacier control sample). This strict 
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Fig. 1. Sample location and core schematics. (A) Map showing the locations of the Dye 3 (65°21'N, 
45°50'W) and GRIP (72"34'N, 37°37'W) drilling sites and the Kap Kabenhavn Formation (82°22'N, 
W21°14'W) in Greenland as well as the John Evans Glacier (JEG) (79°49°N, 74°30W) on Ellesmere 
Island (Canada), The inset shows the ratio of 0~ to t-aspartic acid, a measure of the extent of protein 
degradation; more highly degraded samples (above the tine) failed to yield amplifiable DNA. (B) 
Schematic drawing of ice core/icecap cross section, with depth [recorded in meters below the 
surface (m.b..)] indicating the depth of the cores and the positions of the Dye 3, GRIP, and JEG 
samples analyzed for DNA, DNAVamino acid racemization/luminescence (undertined), and ?°Be/**CL 
(italid. The control GRIP samples are not shown. The lengths (in meters) of the silty sections are 


also shown. 


Table 2. Plant and insect taxa obtained from the JEG and Dye 3 silty ice 
samples. For each taxon (assigned to order, family, or genus leveD, the 
genetic markers (rbcl, trnl, or CON), the number of clone sequences 
Supporting the identification, and the probability support (in percentage) 


criterion of authenticity obviously dismisses 
many putative taxa that are present at low 
hundance or have heterogencous distributions, 
as is typical of environmental samples (76), but 
eflicently minimizes the influence of possible 
Jow-level contamination and misidentifications 
due to DNA damage (17), 

Approximately 31% of the sequences from 
the John Evans Glacier silty sample were as- 
ned to plant taxa that passed the authen 
tion and identification These belong to 
the order Rosales, the family Salicaceae, and the 
genus Sarifraya (Table 1). This result is con- 
sistent with the John Evans Glacier forming no 
more than a few thousand years ago in a high 
Arctic environment (18), characterized by low 
plant diversity and sparse vegetation cover sim 
ilar to that curently surrounding the glaci 
‘which consists mainly of Arctic willow (Sali 
ccae), purple saitiage (Surifragi, Dryas (Ro- 
sales), and Arctic poppy (Papaver) (19). Thus, 
bby confirming the expected result, the John Evans 
Glacier study can be regarded as a positive con 
tol, showing that DNA data fiom silty ice te 
ably record the local ecology 

In contrast wo the John 
sample, the 45% of the Dy 


ns Glacier silty 
DNA sequene 


nity very differ . 
The taxa identified include trees such as alder 
(Clnus), spruce (Picea), pine (Pinus), and mem- 
bers of the yew family (Tasaceae) (Table 1) 
Their presence indicates a northern boreal for- 
cst ccosystem rather than today’s Aretic environ= 
ment. The other groups identified, including 
Asteraceae, Fabaceae, and Poaceae, are mainly 


are shown, Sequences have been deposited in GenBank under accession 
numbers EF588917 to EF588969, except for seven sequences less than 50 
bp iin size that are shown below. Their taxon identifications are indicated 
by symbols. 


Order Marker Clones Support (%) Family Marker Clones Support (%) Genus __ Marker Clones _ Support (%) 
JEG sample 
Rosales rock 390-99 
Malpighiales rbch = 299-200 —Salicaceae ot 2 99-100 
tim = 599-100 im 4 100 
Saxifragales rbch «= 3 9+9A_——Saifragaceae bch 2 2 Sarifraga bch 2 a 
Dye 3 sample 
Coniferales rbcL «= 4497-100 ——Pinaceae* tot 20 100 Picea rock = 2099-200 
tm a7 100 tm = 25 3100 Pinust «= stmk_— 1790-99 
Taxaceaet rock 239-98 
tm 2 100 
Poaless tcl «6799-200 ——Poaceaes rock = «6794100 
tm 1797-100 tm 1B 100 
Asterales toch = «1890-100 Asteracese = rb 2 a 
tm 27 100 tm = 27 100 
Fabales rc = «10 99-100——Fabaceae mbt = «10994100 
tm 3 9 tm 3 9 
Fagales roc = «1095-99 Betulaceae = rock 93-97 Alnus fod 7 91-95 
tm 12 100 tm = 1198-200 im 9 98-100 
Lepidoptera COL 1297-99 


“Env 2, tk. ATCCGGTICATGANGACAATGRTICTTCICCIAAGATAGGANGGG. fy 3, ti. AICCGGTICATGAAGACAAIGTTICTICICCIAATAIAGGANGGE. Ew, tr. AICCGGTICRTGAGGACAATGMTCTTCICCIAATA- 
{ES tL CCCTTCCTATCTTAGGAGAAGAAACATIGICTICATGAACCGGAT. Ey. 6, fk TICCTAICTIAGGAGAAGAAACATIGICTICATGAACCGGAT. $m 1, trl ATCCGTATTATAG- 
GAACAATAATTTITTTICIAGAAAAGG. _SEnv_7, tn. CTTTICCTTIGIATICIAGTICGAGAATECCTICICAAAACACGCAT. 
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herbaceous plants and are represented by many 
species found in northern regions at present 
(Table 1), The presence of these herb-dominated 
families suggests an open forest where belio- 
pphytes thrived. Additionally, we reconted tava 
‘that are common in present-day Arctic andor 
boreal regions but lacked identity between inde 
pendent laboratories, These are yarrow (Achillea), 
birch (Benita), chickweed (Cerastiam), fescue 
(Festuca), rush (Lacula), plantain (Plantago), 
Dlucyriss (Poa), sivas (Navfeaga), snowbeny 
(Simphoricarpos), and aspen. (Populus). Al- 
though not independently authenticated at the 
sequence level, the presence of these taxa adds 
further support to the former existence of a 
northern boreal forest ecosystem at Dye 3, 

‘To date, the youngest welkdated fossil evi- 
dence of native forest in Greenland is fran macro 
fossils in the deposits of the Kap Kebenhavn 
Formation from the northernmost part of 
nland and dates back to around 24 Ma 
(Z, 2), Other less well dated traces of forests in 
Greenland include Wood at two other late 
Cenozoic sites in northern Greenland (20), 
pollen spectra of unknown age in marl con- 
cretions found in a late ghicial moraine, ant 
wood and spruce seeds in eastem Greenland 
(21), The core from Dye 3, located almost ex- 
actly 2000 km to the southwest of the Kap 
Kobenhavn Formation (Fig. 1A), therefore, pro 
Vides direet evidence of a forested southem- 
central Greenland, 

‘The invertebrate sequences obvained from 
the Dye 3 silty ice are related to beetles (Coke 
‘optent) flies (Diptera), spiders (Arachnida), brush- 
foots (Nymphalidae), and other butterflies and 


O s00 1000 1800 
age (years 1000) 


Fig. 2. Summary of dating results for the silty ice 
from Dye 3. From top to bottom, the bars indicate: 
maximum likelihood estimates for the branch 
length of the invertebrate COI sequences (CO 
amino acid racemization results with the use of 
alternative activation energies, models of racemi- 
zation behavior, and basal ture histories 
(AAR); age estimate from ™Be/™*Cl measurements 
jn silty ice; and minimum ages based on single- 
grain luminescence results (optically stimulated 
luminescence or OSL). The time span covered by 
all dating methods (450 to 800 ka) is marked in 
‘gray. Stippled lines represent the results of less 
likely models, The maximum age estimate for the 
‘invertebrate CO! sequences is based on an un- 
Likely slow substitution rate [for detail, see text 
and (6)). 


17,500 
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moths (Lepidoptera) (taxonomic identification 
‘probability support between SO and 99%). How- 
ever, only sequences of the Lepidoptera are sup- 
ported by more than 90% significance (Table 
1), Thus, although detailed identifications of 
the COI sequences are in general not strongly 
supported, the results show that DNA. from a 
Variety of invertebrates can be obtained from 
sediments even in the absence of macrofossils, 
as was previously shown for plants, mammals, 
and birds (9-11). 

Several observations suggest that the DNA 
sequences we obtained from the Dye 3 ice 
are of local origin and not the result of long- 
distance dispersal. The reproducible retrieval 
of diverse DNA from the silty basal ice but not 
from similar oF larger volumes of the overlying 
“clean” ice largely precludes long-distance at- 
mospheric dispersal of microfossils as a source 
of the DNA, 

Atthowgh pollen grains are found in the 
ircenland ice sheet, including the Dye 3 siky 
2 (7), the concentrations are in general 100 low 
[+15 grains per fier (22, 23)] for them to be 
[present in the sample volumes studied. Further 
more, long-term survival of DNA in pollen has 
proved fairly poor (24), and the vast majority of 
angiosperm pollen docs not contain cpDNA 
(25), These factors effectively exclude pollen as 
the general source of plant DNA from the sity 
ice, Moreover, the Dye 3 silty ice appears 10 
have originated as solid precipitation without 
going through stages of superimposed ice and 
most likely formed by mixing in the absence of 
free water (ie. ice that has never melted) (26), 
effectively exchading subsurface transportation, 
As explained in (27), the ioe is believed to be 
predominantly of local origin, having been 
shickcd from panicipating in the large-scale 
tzhicier flow by a bedrock trough, in agreement 
With the solid ice-mixing hypothesis (26). Thus, 
‘being of local origin, the DNA sequences from 
the Dye 3 sily ice must be derived from the 
plants and animals that inhabited this region the 
Hast time that it was ice-free, because possible 
older DNA weords from previous ice-f 
periods will yanish with the establishment of 
a new ecosystem, or at least be out-competed 
during PCR by DNA from the most recent 
record. The plant taxa suggest that this period 
had average July temperatures that exceeded 
10°C and winter temperatures not colder than 

17°C, which are the limits for northem boreal 
forest and Taxus, respectively (/). Allowing 
for full recovery of the isostatic depression that 
is produced by 2 km of ice, Dye 3 would have 
been ~1 km above sea level. In combination, 
these factors suggest that a high-ahitude 
boreal forest at Dye 3 may date back to a 
period considerably warmer than present 

There are no established methods for dating 
basal ice, and it remains uncertain whether the 
‘overlying clean ice of Dye 3 is temporally con- 
tiguous with the lower silty section. Therefore, 
to obtain a tentative age estimate for the Dye 3 
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a series of dating techniques: '*Be/**C1 isotope 
ratios, single-rain luminescence measurements 
amino acid racemization coupled with modeling 
of the basal ice temperature histories of GRIP 
and Dye 3, and maximum likelihood estimates 
for the branch length of the invertebrate COL 
sequences (7). All four dating methods suggest 
that the Dye 3 silty ice and its forest community 
predate the Last Interelacial (L1G) [130 to 16 
thousand years ao (ka) (Fig, 2), which con- 
trasis with the results of recem models suggest- 
ing that Dye 3 was iee-ive during this period 
8, 29), Indead, all four dating methods iv 
overlapping dates forthe silty dee between 450 
and 800 ka (Fig. 2), execeding the current 
record of long-term DNA survival from Siberian 
pennafiost of 300 10 400 ka (9). However, be= 
‘cuuse ofthe many assumptions and uncertainties 
csonnccted with the interpretation ofthe age esti- 
mates (7), we cannot rule out the possibility of a 
LIG age for the Dye 3 basal ive 

‘Our results reveal that ancient biomolecules 
fiom basal ice offer a means for environmen- 
tal reconstruction from ice-covered areas and 
can yield insights into the climate and the ecole 
ogy of communities from the distant past. Be- 
cause many deep ive cores exist fiom both 
hemispheres and funher drillings are planned, 
thisapproach may be used on a larger scale, Basal 
‘eat even lower temperatures than Dye 3 might 
contain an archive of genetic data of even greater 
antiquity. 
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Middle Paleolithic Assemblages from 
the Indian Subcontinent Before and 
After the Toba Super-Eruption 
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The Youngest Toba Tuff (YTT) eruption, which occurred in Indonesia 74,000 years ago, is one of 
Earth’s largest known volcanic events. The effect of the YTT eruption on existing populations of 
humans, and accordingly on the course of human evolution, is debated. Here we associate the YTT 
with archaeological assemblages at Jwalapuram, in the Jurreru River valley of southern India. 
Broad continuity of Middle Paleolithic technology across the YTT event suggests that hominins 


persisted regionally across this major eruptive event. 


he Youngest Toba Tull (YTT) eruption of 
74,000 years ago (74 ka) was. Earth's 


fe eruption, that of Tambora, also in Indo- 
nesia (). The YTT involved the eruption of 
‘minimum of 2800 km? (7 » 10! kg) of magia, 
of which at least ~800 km? was transported in 
atmospheric ash plumes that blanketed an area 
fromm the South China Sea to the Arabian Sea 
(2.3), Its impact on Eanh’s atmosphere and 
imate (5-7) and on local animal and plant pop- 
ulations remains a matter of contention (S, 7-12), 

‘The Indian subcontinent contains extensive 
YT deposits (13-15), Here we describe an 
archacological sequence from south India that 
includes a substantial YTT layer and sheds light 
‘om the erupion’s impact on climate, environments, 
and hominin population. Inthe Kurnool District 
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of Andhra Pradesh in southem India, stratified 
archacological sites in the Jumeru River valley 
contain stone artifacts in association with faunal 
remmiins in caves, rockshelters, and open-air 1o- 
cates (16,17) (Fig. 1). The archaeological record 
spans all periods of the Paleolithic. In addition, 
current mining activities have exposed tephra 
deposits over an area of 64 ha. Ash is, however, 
certainly buried over a wider area within the 
valley (fig. $1), and we estimate its total volume 
at 7 © 0.7 = 10° mv, based on the interpolation 
of 225 depth observations made at mining 
exposures 
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We conducted electron probe microanalysis 
(EPMA) of volcanic glass shards from the 
Jwalapuram tephra to compare their geochem- 
ical signatures with those of the Older Toba Tull 
(OTT, dated to ~840 ka) and the Middle Tob: 
Tull (MTT, dated to ~S00 ka) (4). The results 
show that the Jwalaparam ash is a distal deposit 
ofthe YTT (figs. S3 and $4), based on its close 
similarities with proximal deposits of YTT in 
Sumatra and with previously characterized distal 
‘occurences in India (13. 14, 18), 

Jwalapuram locality 3 preserves more than 
7.5 m of sedimentary deposits, including a 
ash, and a sequence of 
er (fig, S2), 
deformation structures suggest 

ma Wot 
clay substrate, probably in a lacustrine environ 
ment. The abrupt transition from fight gray ash 
to an orange (but still ashetich) silt horizon im- 
mediately above the ash sequence represents & 
‘major change in depositional regime, We inter- 
pret this as evidence that the lake dried up soon 
after the ash fall, possibly during the onset of 
tlacial conditions in oxygen isotope stage 4. 

The stone tool assemblages were found in 
trenches placed across the landscape (that is, 
at Jwalapuram localities 3, 17, and 21), At 


Soft sedime 
that the tephra initially accumulated 


archacological layers above (JLP-380)and below 
'A-200) the ash. Ages of 77 » and 74 


78°15' 


Fig. 1. Location of Jwalapuram, archaeological sites, and tephra deposits. (A) Location of the jwalapuram 
study area. (B) Key archaeological localities in the Kurnool District include the Upper Paleolithic caves of 
Bilasurgum (1) (17) and Muchchatla Chintamanu Gavi (2) (26). Jwalapuram localities include 17 (3, 


Middle Pal 


‘and Tank (8, Acheulean).. 


9 (4, Micolithio, 3 (5, Middle Paleolithid, 20 (6, Middle Paleolithic), 21 (7, Middle 
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7 ka were obtained for the pre- and post-Toba Localities 3, 17 and 21 (above the Toba ash layer) 
‘samples, respectively (tables S2 and $3). These 
indicate that the dated quartz grains were last 
exposed to sunlight shortly before and ater the 
‘Toba eruption, with no substantial hiatus in sedi- 
iment deposition, 

The pre-Toba archacological layer at locality 
3, chronologically bracketed by the ~74,000-year- 
fold. YTT and the underlying sediments dated to 
77 = 6 ka, contained 215 artifuts as well as a 
piece of rad ochre that shows striations due to 
use. This stone tool assemblage consists of fac- 
‘ted unidirectional cores made from limestone 
(60%), quartzite (22%), and chert (11%), with 
elongate parallel flake sears indicating the pro 
duction of bhides. Frequent preparation of flake 
platfomns is seen, suguesting that these flakes 
were struck from prepared cores similar to those 
found at the site. A small proportion of lakes 
Were retouched into notches, informal scrapers, 
retouched blades, and a burin (Fig, 2). This pre- 
‘Toba assemblage falls within the Indian Middle Fig. 2. Selected jwalapuram artifacts that pre-date (locality 3) and post-date localities 3, 17, and 21) the 
Paleolithic (19, 20). ‘YT. Above the ash: 1, bladelet core with faceted platform; 2 and 3, flake cores with faceted platforms; 4, 

“The post-Toba layer at locality 3, optically side scraper 5 utilized flake: 6, atypical end scraper on blade; 7 side and end scraper; B, utilized flake: 9, 
dated to 74 7ka, contains an assemblage of 108 broken blade; 10, broken blade. Below the ash: 11, notch and burn; 12, ventrally retouched side scraper; 
‘tone artifacts that occur throughout the orange 13: Side scraper on broken blade: 14, side scraper on ridge straightening flake; 15, ventrally retouched 
‘indy stratum further 37nd 13 artifacts were Side and end scraper; 16, ventrally retouched scraper; 17, notch; 18, ground och. Scale bar, 1m, 
recovered from the same matrix above the ash at 
localities 17 and 21, respectively. The technology 
and tool types at these thnee post-ash localities are 
similar to those found in the pre-ash assemblage, 14 North African/Levantine Middle Palaeolithic 
involving faceted unidirectional cores with some 
blade scars (Fig. 2). However, raw materials were MP ‘South African MSA 
uused in different frequencies (limestone 31%, 
chert 28%, chalcedony 23%, and quartzite 12%). 
Most flakes are short and squat, although afew 
blades and bladelets (<2 em in Kengih) are also 
present (<54%), along witha bladeike cone and 
‘small bidirectional blade core with a faceted plat- 
form (Fig. 2), Retouched flakes above the ash & 
incl notches and side and end serapers. Burns ; 

ira 


and bipolar reduction are also present, but rare, 
This combination of tool types is common in 
Late Pleistocene assemblages of India, usually 
identified as Middle Paleolithic (79. 20), 

‘We provide here firm chronological evidence WP Merotthie 
that hominins were present in the Jurrent River 


valley, south India, immediately before and after 
the YTT eruption. Analyses of the archacolog- a —— Blade & Microblade_ 


ical industries recovered from the site indicate a Industries 
strong element of technological continuity be 

Tween the pre and post-Toba assemblages. African ebaran Eary 
Together with the presence of ficeted unidlirec- 

tional and bidirectional bladetike core technol- 

‘ogy, these pre-and post-Toba industries suggest 

closer affinities to African Middle Stone Age 


traditions (such as Howieson’s Poon) than to 

contemporancous Eurasian Middle Paleolithic 

‘ones that are typically based on discoidal and T ; 

Levalllois techniques (Fig. 3). The coincidence 

of i) evidence of hominins flexible enough to Function 
exhibit continuity through a major eruptive Fig, 3. Discriminant analysis of 670 cores from Middle Stone Age (MSA), Middle Paleolithic (MP), and 
event, (i) technology more similaro the Middle early Upper Paleolithic (UP) contexts in Afric, the Levant, and India. Functions 1 and 2 account for 
Stone Age than the Middle Paleolithic, and (iii) 70.1% of the variation. Functions 1 to 3 are all significant at the P = <0.0005 level. WP, Jwalapuram; 
overlap of the Jwalapuram artifact ages with the KRM, Klasies River Mouth. 
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cartier end of the most commonly cited genetic 
coalescence dates (2/-23) may suggest the pres- 
cence of modern humans in India at the time of 
the YTT event, This interpretation would be 
consistent with a southern route of dispersal of 
modern humans from the Hom of Africa (24), 
the latter, however, will remain speculative until 
‘other Middle Paleolithic sites in the Indian sub- 
continent and Arabian Peninsula (25) are ex- 
‘eavated and dated, 
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Buddenbrockia \s a Cnidarian Worm 


Eva Jiménez-Gur 


‘A major evolutionary divide occurs in the animal kingdom between the so- 


Hervé Phitippe,”* Beth Okamura,” Peter W. H. Holland*t 


led radially symmetric 


animals, which includes the cnidarians, and the bilaterally symmetric animals, which includes 


all worm phyla. Buddenbrockia plumatellae is an active, muscular, parasi 


‘worm that belongs to 


the phylum Myxozoa, a group of morphologically simplified microscopic endoparasites that has 
proved difficult to place phylogenetically. Phylogenetic analyses of multiple protein-coding genes 
demonstrate that Buddenbrockia is a cnidarian. This active muscular worm increases the known 

diversity in cnidarian body plans and demonstrates that a muscular, wormlike form can evolve in 


the absence of overt bilateral symmetry. 


‘ost metazcans (ie animals), including 
Mics aannetids, mollusks, chor- 

dates, and all worm phyks, belong 0 
the Bilateria, This clade excludes enidarians, 
‘etenophores, sponges, and placozoans, Myxo- 
‘zoans. were originally placed outside the Meta- 
zoa, despite the presence of characters such as 
muhicellulrity of spores, septate junetions, and 
Putative nematocysts (/-3). Sequencing of 18S 
ribosomal DNA (rDNA) confirmed! that they are 
hly modified metazoans (4). However, pre- 


cendoparasites with cither plas- 
‘or sac-shaped bodies, with no gross 
similarity to other animals, There are two classes 
‘of myxozoans, the clades Myxosporea, with over 
2000 species, and the Malacosporea, with two 


"Department of Zoology, Unhersiy of Oxford, South Paks 
Road, Oxford OX1 3°S, UK. “Canadian Istiute for Advanced 
Research, Cenre Robert-Ceergen, Département de Bich 
‘mie, Université de Montéa,Sucursale Centre-Vile, Montréal, 
‘Qudbec, Canada H3C3}7. "School of Bidogical Sciences, 
Univesity of Reading, Whitebnights, Reading RG6 6BX, UK. 
“Department of Zoology, Natural History Museum, Crome 
Road, London SW7 5BD, UK. 

“These authors contributed equally to this work. 

‘fo wham comespondence should be addressed. Eat: 
_peterholland@ro0 ox. uk 


6 JULY 2007 VOL317 SCIENCE 


described species and two others recently iden- 
tified by HDNA. comparisons (5). Myxovoans 
parasitize a wide range of hosts, including fish, 
annelids, and (for matacosporeans) bryozoans. 
Myxozoans form complex. spores containing 
polar capsules similar to the stinging onganclles 
¢nematocysts) of enidarians, which they use 10 
attach to a new host. Polar capsules differ from 
typical nemaiocysts of cnidarians in lacking 
chemo- and/or mechanosensory structures and 
neural connections that modulate discharge (6). 

If polar capsules and nematocysts. are ho- 
imologous, then myxozoans could be enidarians or 
the sister group to cnidarians. Altcmatively 
nematocystlike structures may have evolved 
before the divergence of enidarians and bilaterians, 
co they could have arisen independently, Some 
analyses of myxozoan 18S rDNA sequences have 
alo suggested that myxozoans ane related to 
cenidarians, most notably, when the highly diver 
gent DNA sequence of the endoparssitic enidar- 
ian Polypodtiun hyuriforme is included (3). in 
contrast, other DNA analyses suggest myxozoans, 
are bilaterians (7, 8), These contradictory phylo- 
_genctic results may bea consequence of the highly 
divergent (long-branch) rDNA. sequences of 
myxovoans (9), making placement difficult. 

‘The report ofbilaterian-like Hox genes in two 
smysazoan species (/0) and the surprising finding 


that a rare endoparasitie worm that infects 
fieshwater bryazoans, Buuldenbrockia plumatel- 
Jae (11) (Fig. 1), is actualy a myxozoan (7, 
have further confounded the placement of the 
myxazoans, Buddenbrockia worms are highly 
sctive, with continuous and vigorous. sinuous 
writhing within the body cavity of bryozoan 
hosts (/2, 13). The worms escape from their 
‘bryozoan hosts, probably through the vestibular 
pore, and undergo repeated coiling and straight- 
ening (/3). The vermiform (wormlike) body 
plan of Bucklenbrockia is reminiscent of bie 
Iterian taxa, although Buddenbrockia lacks a 
recognizable nervous system, gut, and external 


Fig. 1. (A) A zooid of the bryozoan Plumatella 


with Buddenbrockia worms (arrow) in the body cav- 
ity. Seale bar, 40 jum. (B) Cross section of an im- 
mature Buddenbrockia plumateliae worm, Note 
the presence of four longitudinal muscle blocks (M) 
and absence of gut. Scale bar, 20 um. (Q Scanning 
electron microscopy image of a Buddenbrockia 
‘plumatellae worm. Scale bar, 100 jim. 
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sense ongans (9, 11, 12) (Fig. 1). The sinuous 
movements of the body are bilaterian-like and 
quite unlike those of elongate enidarians. For 
instance, planula larvae creep along the sub- 
stratum, burrowing cerianthidsare only capable 
of retraction, burrowing anemones undergo 
peristalsis (/4), and the swimming nareo- 
medusan Tetraplaria uses specialized locomoto- 
ry flaps (15), In contrast, the four well-detined 
‘blocks of longitudinal muscles running the 
Jength of the body in Buddenbrockia (Fig. 1B) 
are more comparable to these of nematodes and 
nematomorphs, Although some enidarians have 
four longitudinal muscles that run the length of 
the individual (Stauromedusae, for example), 
these animals are not vermiform. 


Despite its gross dissimilarity to all other 
members of the phylum, there is strong evidence 
that this strange vermiform animal is indeed a 
true myxozoan, First, ultrastructural analyses 
revealed that Buddenbrockia has polar capsules 
similar to those of malacosporean myxozoans: 
‘these are found in infective spores and also in the 
epidermis of the worm (/2). Additionally, both 
malacesporcans and the Buddenbrockia worm 
‘have an unusual form of cell junction in the body 
wall and use fixshwater bryozoans as hosts (2) 
The ISS FDNA sequence of vermiform Budden- 
‘brackia plumatellaeis similar to that of the mala- 
cosporcan myxozoan, Terracapsula brvazoides 
[now revised 10 B. plumaitellae (13)), which 
suggests that they are at least congencric (7) 


RURPIUD EHWOYSOs9)NZQ — eoZOYDONOYdO? 


Fig. 2. Phylogenetic analyses of genomic data strongly support the grouping of Buddenbrockia and 
Medusozoa. Bayesian tree obtained from the analysis of 31,092 aligned amino acid positions. 
Posterior probabilities are equal to 1 except for the two nodes where 0.97 values are indicated. 
Bootstrap values obtained with the CAT model are indicated when <98% (see text and SOM). Scale 


bar indicates number of changes per site. 
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To investigate the phylogenetic affinities of 
myxozoans, we tested the veracity of the four 
Hox gene sequences previously reported from 
the myxozoans Tetracapsula bryocoides and 
Mvxidlium lieberkuchni (10), Surptisingl 
merase chain reaction (PCR) with gen 
primers amplified three ofthe genes Mux! Mix2, 
and Mix3, from uninfected bryozoans (Cristatella 
mucedo). These bryozoans were collected from 
Littoistenjirvi, Finland, where myxozoan in- 
fection has not been observed, and were shown 
to be parasite-iee by PCR amplification and se- 
quencing of fDNA. The Mix gene was ampli- 
fied from Northern pike (Esax /ucius), natural 
host of the myxozoan M. lieberkuehni. All am- 
plified sequences were verified by cloning and 
sequencing. These genes did not amplify in any 
of our myxozoan ssumples with the same gene- 
primers, which indicated that the Hox, 
gene sequences reported from myXazoans derive 
fiom host DNA. We then tumed to the phyloge- 
nictic analysis of orthologous nuclear protein- 
coding genes (/6), To ensure that these were 
cloned from myxoznan tissue, and not contami- 
nated by host tise, we initially used universal 
PCR primers targeted to 18S rDNA (/7) to screen 
range of adult and spore samples from four 
species of myxozoan, Each amplified PCR band 
was cloned and sequenced 10 assess levels of 
contamination in each sample, A myXozoan sam 
pie free fiom contamination was obtained by 
dissecting infected bryozoan colonies and col- 
lecting individual Buddenbrockia worms. re 
leased fiom the disrupted body cavity. Each 
‘worm is around 2 mm in length (range 0.08 03.6 
mm). These samples yielded only myxozoan 
ADNA sequences after PCR amplification with 
‘universal primers (S0/S0 clones sequenced), 
From a sample of 10 Buddenbrockia worms 
‘not contaminated by hast DNA, we cloned a total 
of $0 different protein-coding genes that previ- 
ously had been identified as unequivocal singke- 
copy genes (78). Onhology was confined by 
phylogenctic analysis of each gene, We aligned 
129 proteins (29.773 unambiguously aligned 
amino acid positions) from a wide diversity of 
animal species (47 animals and 13 outgroups), 
including Buddenbrockia, three sponges, five 
cenidarians, 14 cedysozoans, 1S lophotrocho- 
zoans, and nine deuterastomes, choosing. taxa 
fiom cach group on the basis of the shortest 
‘branch lengths (tables SI t0S3, sce SOM text). A 
Bayesian tree infeed with a WAG!T model 
(16) (Fi. 2) was in agreement with the current 
‘view of animal evolution (79). In this phylogeny 
Buddenbrockia is. placed within the C 
forming a clade with Medusozoa (Hydrozoa plus 
‘Seyphozoa), tothe exclusion of Anthozoa (with 
posterior probability of 0.97). To further evaluate 
the robustness ofthis result, we analyzed the 115 
possible positions of Buddenbrockia in 
backbone tree lacking Budkdenbrockia (fig. SI). 
This phylogenetic placement was fivored over 
all others. However, the bootstrap support for this 
node was only 70%, and five alternative posi- 
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tions cannot be rejected by the approximately 
tunbiased (AU) mutkiscale bootstrap test (20) at 
the 5% level (fig. $2). This uncertainty may relate 
to the fact that Buddenbrockia yenes have 
undergone rapid sequence evolution, which can 
either cause artifactual groupings or reduce the 
support for the correct grouping (2/, 22). This is 
not expected to be the cause of the grouping 
Ibetween Buuldenbrockia and Medusozoa, be- 
‘cause the branches of both the Hydmzoa and 
Seyphozoa species are short and should not act as 
aa long-branch attractor, When trees were inferred 
by parsimony, a method highly susceptible to 
long-branch attraction (23), Buudenbrockia was 
‘grouped with an artifactual clade of long-branch 
platyhelminths and nematodes, not Medusezoa 
(lig. $3) To circumvent the long-branch attrac- 
tion effect (24, 25), we reanalyzed the data under 
the CAT model, which explicitly handles the 
heterogeneity of the substitution process across 
positions (26), The CAT tree (ig. S4) was iden 
tical to the Bayesian tree except for the relative 
placement of some nonmetazoan branches. It is 
noteworthy that less phylogenetic resolution was 
‘observed within the Buddenbrockia + Meduso0a 
clade, as these results suggest that Buddenbrockia 
is cither an outgroup to Seyphozos plus Hydro 
20a (83% CAT) oF sister 1 Hydrozoa (17% 
CAT), On the basis of these data, we conclude 
thatthe Buuddenbrockia worm isa cnidarian, This 
‘conclusion an be extrapolated to all Mysozoa, 
because previous Work has established that 
Budkdenbrockia is a member of this cade (7, 9). 
Therefore, the taxon Myxozoa should be placed 
\within the phylum Chidaria, on the medusezoan 
lineage. 

Our data also. show that, not ony has an- 
‘torical simplification occurred in myxozoan 
evolution, but so has evolution of a muscular 
vermiform boxly. We infer that active, motile 
worms are not restricted to the bifaterian animals, 
but can be found among the enidarians. One 
interpretation is that the common ancestor of 
‘enidarians and bilaterians had a muscular worm 
shaped body plan, However, this does not seem 
compatible with the ultrastructure of Biwlilen- 
rockia or the phylogenetic distribution of 
Yermiform animals. Instead, we hypothesize that 
the muscular, motile worm form evolved in- 
dependently within enidarians, by means of a 
Joss of the opening to the wastrovascular cavity 
and subsequent acquisition of a hydrostatic 
skeleton, Parallel evolution of the vermifonm 
body may have exploited a conserved devel- 
‘opmental system for patterning an ancestral 
mesodermal layer homologous between Bilate- 
ria and Cnidaria. (27) 

Ultrastructural studies reveal that the four 
blocks of well-defined longitudinal muscles in 
Buddenbrockia are radially distributed (Fig. 1) 
(12), Hence, Buddenbrockia isa tetraradial worm 
With two axes of symmetry across a transverse 
section, not a bilaterally symmetrical worm with 
fone axis of symmetry. Bilateral symmetry was 
Jong thought to be associated with the evolution 
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Of directed locomotion, perhaps in an ancestral 
bilateran. This view is challenged by the exis- 
tence of subtle bilateral symmetry in sewile an- 
thozoan cnidarians (28, 29%; hence. it has been 
suggested that bilateral symmetry arose through 
selection for effective intemal circulation not 
ected locomotion (30), The finding that an ac~ 
tive mascular worm evolvad within the Cnidaria, 
‘yet retained radial symmetry, is consistent with 
this view, because it further dissociates locomo- 
tion from symmetry. Buddenbrockia is 3 worm, 
‘but not as we know it 
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Genetic Properties Influencing the 
Evolvability of Gene Expression 


Christian R. Landry, *t Bernardo Lemos,}* Scott A. Rifkin," W. }. Dickinson,” Daniel L, Hart!” 


Identifying the properties of gene networks that influence their evolution is a fundamental 
research goal. However, modes of evolution cannot be inferred solely from the distribution of 
natural variation, because selection interacts with demography and mutation rates to shape 
polymorphism and divergence. We estimated the effects of naturally occurring mutations on gene 
‘expression while minimizing the effect of natural selection. We demonstrate that sensitivity of gene 
‘expression to mutations increases with both increasing trans-mutational target size and the 
presence of a TATA box. Genes with greater sensitivity to mutations are also more sensitive to 
systematic environmental perturbations and stochastic noise. These results provide a mechanistic 
basis for gene expression evolvability that can serve as a foundation for realistic models of 


regulatory evolution. 


egulatory variation underlies much of 
Reese diversity, and gene expres- 

sion is the first step in making ecologi- 
cally and evolutionarily relevant phenotypes. 
Differences among genes both in standing ge- 
netic variation and in interspecies divenzence in 
‘gene expression have been linked 10 their par- 
ticular roles in biological networks (/-4) and 
may reflect a history of selection. However, the 
influence of specific evolutionary forces cannot 


be inferred solely from the distribution of natural 
variation, because selection interacts with de- 
_mography and mutation to shape polymorphism 
and divergence (5). Measuring the effects of 
spontaneous mutations without the confounding 
effect of natural selection makes it possible to 
isolate the contribution of mutation to natura 
Variation and is a fundamental step toward build- 
ing models for the evolution of gene expression. 
‘The relationship between divergence and muta- 
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tional effects on gene expression has been mea- 
sured in the fruit fly Drosophil melanogaster 
and the worm Cuenorhablits elegans (6. 7). 
revealing that stabilizing selection plays a dom 
inant role in limiting the extent of polymomphismns 
in gene expression in nature (8). We used Sae~ 
charomyces cerevisiae to investigate how the 
structural properties of genes and regulatory net- 
Works shape the relation between mutations and 
_gene expression and thereby affect the course of 
evolution, 

We performed a mutation-accumulation (MA) 
‘experiment (Fig. 1A) in S. cerevisiae in onder to 
isolate the contribution of the mutational process 
to gene expression evolution, With serial transfer 
‘of random colonies, we accumulated spontane- 
‘ous mutations by maintaining parallel ines with 
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44,000 generations 
‘Ne ~ 10 individuals 


Fig. 2. (A) MA experimental design. (B) Number of genes differentially 
expressed among the four MA lines as a function of the Bayesian pos- 
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effective population sizes of 10 individuals. The 
lines diverged from an isogenic common ances- 
tor for 4000 generations. At this population si 
the fate of most nonlethal mutations is largely 
overned by random genetic drift (9), and the 
divergence observed among the Fines allows us to 
estimate the rate at which gene expression would 
evolve in the near absence of selection. Lethal 
mutations would be eliminated through our ex- 
perimental protocol, but they are unlikely wo 
contribute to standing genctic variation produced 
‘by mutations in natural populations, We ran- 
domly selected four MA fines, measured their 
ene expression kevels with DNA. microarrays 
(U0), and estimated rates of gene expression 
evolution 
The rate of phenotypic evolution due to 
mutation alone can be measured by the mut 
Tional variance (Vg). Which is defined as the 
increase in the variance of a trait introduced by 
mutations each generation, It can be calculated 
from the variance of taits among MA lines. For 
haploid asexual organisms, Vy ~ 20°y/t, where 
oF, is the betwomine variance and 1 is the 
nhumber of generations (5), We estimated the Fy 
‘of gene expression for genes that showed 
sant statistical diferences (Bayesian pos- 
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transformed relative expression levels (Fig, 1B), 
This resulied in 2031 genes differentially ex- 
pressed across strains, with 88 showing difer- 
ces higher than threefold (Fig. 1), We found 
that the median Vm in gene expression in yeast is 
4.7 = 10° (fig. SI), which is comparable to that 
previously estimated in fruit fies [-2 » 10° (6)] 
and about two orders of magnitude below those 
'ypically observed for morphological phenotypes 
(1D, Mence, there are common. characteristics 
that determine the mutational variation in gene 
expression in spite of large differences between 
these onganisms. Furthermore, our estimates of 
Hq correlate positively with variation in 
gene expression 

cerevisiae (12) (9 


mong natural isolates of 8 


025, P 10% 
1888). Therefore, variation in levels of ex- 
pression among genes and regulatory pathways 
in natural popolations are shaped! in. part by 
Variation in the transcriptional sensitivity to 
‘mutations. Also, we found that genes with high 
Vy fend to be underepresented in biological 
processes such as coll growth and maintenance, 
metabolic process, cell eyete, and transcription 
(ig. $2), 

‘Thive main factors influence the pro 
that a mutation affects the expression le 


terior probability > 0.99) in expression among gene: (i) the number of other genes that inf 
any pair of the four MA fines by using log- the expression ofthe focal gene (rans-mutational 
c 
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terior probability of differential expression, Black bars indicate the es- MA lines. 
Fig. 2. (A) Schematic of rans- and Biss 
cés-mutationa target sizes. On the Left ms 

cof each image are cases of smaller trans mutational target = 

mutation target sizes, and on the right Bw. 

are larger mutational target sizes. The = 3 
trans-mutational target size does not 2) A Ves wo ' 
solely include transcription factors but 3+ 

all. genes acting upstream of the focal. «== = g it 
gene. (B) Positive relationship be- $+ f 
tween trans-mutational target size cis mutational target = |i 

and Vp. The averages of 10 bins are * pe Sg 


plotted, with error bars denoting two 
standard errors. (C) Mean Vm of genes 
‘with and without a TATA box in their 


promoters. Error bars denote two standard errors. 
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Trans mutational target size (percentage) 


Relative change in expression level 


timated fraction of genes expected by chance. (©) Relative-fold change 
in expression level for genes with significant differences among the four 


‘Mutational variance (10-4) ©) 
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i) the number of regulatory eke- 
rents controlling the expression ofthe ene (cis- 
‘mutational tanget size), and (ii) the distribution of | 
eflgets of mutations on expression. We examined 
Whether features of these first two components 
‘could affect the sensitivity of expression levels to 
mutation (Fig, 2A). 

The trans-mutational target size of & gene is 
‘composed of the number of genes in the genome 
that affect the expression level of the foeal ene, 
weighted by their influence and their own muta- 
tional parameters (Fig. 2A). We used expression 
profiling of 297 gene knockouts (13, /4) 10 esti- 
imate the trans-mutational taget size ofa gene as 
the fiaction of deletions of other genes in the we- 
nome that affect its expression level. We found that 
Vy conrelates strongly with the trans-mutational 
target size (p = 0.33, P< 2 10°", n= 1951) 
(Fig. 2B and fig. $3), Hence, lager trans 
al target sizes may indeed result in higher 
sensitivities of gene expression to mutations. 
is-mutational tant size of a gene scales 
With the number and sizes of transcription factor 
binding sites, either directly through the number 
‘of nucleotides in the sites or indirectly through 
the number and variety of regulatory molecules 
binding to these sites, We mapped transcription 
tor binding sites to yeast promoters and de- 
termined the number of binding sites per pro- 
moter (0, 15). Genes that changed significantly 
in expression among the MA lines hid a larger 
number of binding sites than those that did not 
change significantly (2.9 versus 2.4, Wilcoxon 
rank test, P= 1 * 10°), and the My globally 
inerwased with the number of binding sites (p 
0.14, P= 0.0007, n= 608). Genes with is lange 
umber of transcription factor binding sites are 
more sensitive to spontaneous mutations affet- 
ing the level of gene expression, 
otic genes differ inthe composition of 
their cistegulatory targets. About one-fifth of 
yeast genes contain. a TATA box (/6), which 
inodiies several aspects of their transcriptional 
regulation (/7, 18). TATA-containing genes are 
more likely to be sublelomeric, highly regulated 
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bby nucleosomes and chromatin regulators (/6), 
and associated with elevated rates of genc- 
‘expression divergence among species (4) and 
adaptation during experimental evolution (/6). 
This divenzence may be the result of diversifying 
selection (4, 16), but it could also reflect a bias 
in the sensitivity of TATA-containing genes to 
‘spontaneous mutations. 

‘We found that genes with a TATA box were 
ificantly more likely to change in expression 
among the MA lines (49% versus 32a; Fisher's 
exact test, P= 2.5 = 107) (uble S1) and had a 
rncan Fg that was twice as high as that of genes 
lacking a TATA box (Vm of 1.17 «10 versus 
= 10°; Wileoxon rank test, P< 2» 10" 
(Fig. 20). Although stress-response genes are 
particularly enriched for TATA boxes (4, 18), 
climinating stress-response yenes from the anal. 
_ysis did not change the result (Vq of 1.0 = 10% 
Versus(0.51 * 10°: Wikeovon rank test, P< 2.2 
10") Hence, genes with a TATA box are more 
sensitive to genetic perturbations, and their over 
Fepresentation among genes responding rapidly 
to artificial selection (76) and genes that show 
increased divengence among species (4) can be 
partly explained by their higher regulatory 
evolvability. Indeed, the langer trans-mutational 
target sizes of TATA-containing. genes (0,02 
versus 0.007; Wilcoxon rank test, P= 3 = 10-"*) 
suggest a mechanism by which this may be 
achieved. 

Because TATA box-containing genes have 
lange cis- and trans-mutational target sizes rela- 
tive to TATAdess genes, we used a series of 
generalized linear models 1. simultancously 
assess the effects ofthe trans- and cis-mutational 
tanget sizes and the presence of a TATA box on 
the sensitivity of expression levels to mutations 
First, we found thatthe larger number of binding 
sites in the promoters of TATA-containing wenes 
[C2 im our data set, 3.3 versus 2.2: Wilcoxon 
rank test, P= 7» 10°") could fully account for 
the previous correlation between cis-mutational 
target size and Vy, When other factors. ane 
considered simultancously, the number of tran- 
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Fig. 3. Mutational variance of gene expression correlates with plasticity of transcriptional response 


(A) and stochastic noi 


in protein abundance (B). In each case, the averages of 10 


of equal 


sizes are plotted, with error bars denoting two standard errors. 
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scription factor binding sites has no effect on the 
Vea of the gene (0.5% of the variance explained, 
P=0.11). Second, we found thatthe larger trans- 
‘mutational target size of TATA-contaning yenes 
‘cannot fully account forthe relationship between 
wans-mutational target size and Vay Instead, 
trans-mutational target size and Vy are associated 
even when the efleets of the TATA box ane first 
moved (bles S2 and $3), Furthermore, we find 

significant comeation betwoen the Fy and the 
transmutational target size even aller excluding 
TATA containing genes (p = 02, P< 0.0000, = 
S811, thus lending unambiguous support to the 
conclusion that effects of trans-mutational target 
size ane independent of the TATA box. 

‘A fundamental feature of organisms is their 
capability to cope with genetic and environ- 
mental perturbations (/9), Whereas genetic and 
environmental canalization ‘have often, been 
conceptualized (20) and modeled 
Phenomena, mechanisms that prod 
zation may act simultancously to modulate the 
efcets of both kinds of perturbations: (22), 
Hence, phenotypes that are bullered against the 
cefigets of environmental perturbations might also 
‘be buffered agains the eflects of mutations, With 
public data on the amount of variation in gene 
expression over different environmental con- 
ditions (4), we found that Voy in the expression 
of @ gone and its transcriptional plasticity. to 
‘mgero-environmental perturbations are positively 


correlated (Fig. 3A) (p= 0.37, P= 2 10%. 
1735), Furthermore, we found that protcin 
expression noise, a measure of the sensitivity of 


gene expression to microenvironmental variation 
saich as uctuations in the amount of upstream 
cellular components and Vy are also 
positively correlated (Fig. 3B)(p = 0.27, P= Ls 
10". n = 776), These relationships are not 
confounded by the eflects of gene expression 
level, because neither mRNA nor protein abun 
dances correlate with Voy (fig. S4, A and B). 
Hence, the effects of mutational and both en- 
‘vironmental perturbations and stochastic noise 
fre related such that mechanisms that evolve to 
promote or bufler transcriptional responses 0 
‘one source of variation may also affect the others. 
Lastly, the strength of the relationship between 
environmental and. genetic perturbations vary 
across sets of genes (lable S4 and SOM), ine 
dlicating that the relative contributions of these 
sources of perturbation toward the evolution of 
canalization may differ substantially from one 
gene oF metabolic network to the next. 

We show that not all genes are equally sen- 
sitiveto the effects of random spontaneous muta- 
tions and identify structural properties (presence 
of a TATA box and trans-mutational target sizes) 
that greatly influence a gene's potential 10 un- 
dergo regulatory change, These determinants 
provide a mechanistic basis to serve as a foun- 
dation for more-ealistic models of gene ex- 
pression evolution that account for levels of 
polymorphism and divergence in eis and trans 
gene regulation, 
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Gender Disparity in Liver Cancer 
Due to Sex Differences in 
MyD88-Dependent IL-6 Production 


Willscott E, Naugler,** Toshiharu Sakurai,* Sunhwa Kim,* Shin Maeda,” 
KyoungHyun Kim,? Ahmed M. Elsharkawy,* Michael Karin}* 


Hepatocellular carcinoma (HCC), the most common liver cancer, occurs main 


‘men. Similar 


‘gender disparity is seen in mice given a chemical carcinogen, diethytnitrosamine (DEN). DEN 
administration caused greater increases in serum interleukin-6 (IL-6) concentration in males 
than it did in females. Furthermore, ablation of IL-6 abolished the gender differences in 
hepatocarcinogenesis in mice. DEN exposure promoted production of IL-6 in Kupffer cells (KCS) in 
‘a manner dependent on the Tol-tike receptor adaptor protein MyD88, ablation of which also 
protected male mice from DEN-induced hepatocarcinogenesis. Estrogen inhibited secretion of IL-6 


from KCs exposed to necrotic hepatocytes and reduced 
We propose that estrogen: 


DEN-treated male mi 


lating concentrations of IL-6 in 
ediated inhibition of IL-6 production by KCs 


reduces liver cancer risk in females, and these findings may be used to prevent HCC in males. 


‘epatocellular carcinoma (HCC), the 
Horse nessa 
dreaded complication of chronic liver 

disease that o€ of risk factors 
such as hepatitis B (HBV) and hepatitis C (HCV) 
Viral infections, alcoholic liver disease, hemo- 
chiromatosis, and nonalcoholic steatohepatitis (/). 
Most HCC appears in cirthotic livers aller years 
‘of chronic inflammation. The S-year survival rate 
{or patients with HICC, the inereasing incidence 
‘of which is likely due to the spread of HCV (2), 
is only about 7%, Notably, men are about three 
to five times more likely t develop HCC than 
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women (3). A similar or even more pronounced 
ender disparity is seen in mdent HCC models 
(4, 5). Furthermore, administration of estrogens 


a3 


‘hows er DEN 


WT OR 


10 male mice inhibits development of chemical 
ly (DEN) induced HCC (6), Nonetheless, the 
‘mechanisms that account for this gender disparity 
and the anticarcinogenic activity of estrogens are 
‘unknown, 


major contributing factor to 
carcinogenesis (7), HCC represents a classic ease 
of inflammation-linked cancer (8), and chemi- 
cally or genetically induced HCC depends on 
inflammatory signaling (5, 9, 10), To understand 
the mechanisms underlying gender disparity in 
HCC, we used the chemical carcinogen diethy + 
nitrosamiine (DEN), which causes HCC in 100% 
fof make mice but only in 10 t0 30% of female 
linermates (5, 6). The pathogenesis of HCC in 
this mouse model differs from that in humans and 
thus may not be directly comparable to human 
HCC, Nevertheless, the mouse mode! of DEN- 
induced HCC has a histology and wenetic sig- 
nature similar to that of human HCCs with poor 
prognosis (//) and recapitulates a dependence on 
inflammation and gender disparity seen in hue 
man HCC 

Interteukin-6 (IL-6) is a multifunctional ey- 
tokine largely responsible for the hepatic 1e- 


Ls = 
Hour thar DEN 


Fig. 1. Differential IL-6 production after chemically induced liver injury. (A) Concentration of IL-6 in 
‘serum of male and female WT mice after injection of DEN (100 mg per kg of body weight; 0 = 3 mice per 
time point) (B) IL-6 mRNA levels in livers of male, female, or ovariectomized (OVX; ovariectomy was done 
2 weeks before DEN administration) female mice 4 hours after DEN injection. E2 (50 jg/ka) in corn oil was. 
injected intraperitoneally 2 hours before DEN was administered. (C) Male B6 mice (n = 3) were injected 
with ERc-specific agonist propyl-pyrazole-trisphenol (PPT; 5 yig/kg in com oil) 2 hours before DEN 
jection, and serum IL-6 was measured at the indicated times after DEN injection. Results in (A) to (C) are 
means + SE. Asterisks indicate a significant (P < 0.05; Student's test difference relative to WT male mice. 
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Fig. 2. Lower incidence of HCC 
tumors and longer survival of 1-6 
mice, (A) Livers of 8-month-old DEN- 
treated mice. Multiple HCCs are seen 
‘only in WT male lve. (B) Incidence of 
HCC (20.5 mm) in WT male (n = 14), 
WT female (n= 13), 1-6 male (n= 
14), and IL-6 female (n = 15) mice 
8 months after DEN (25 mg/kg) injec- 


sponse to infections or systemic inflamma 
oofien termed the “acute phase response.” Con- 
centrations of IL-6 in serum are inereased in 
situations of chronic liver inflammation inchudi 
alcoholic hepatitis, HBV and HCV infections, 
and steatohepatitis, conditions that may lead 10 
development of HCC (/2), IL-6 concentrations, 
are also inereased in patients with HCC relative 


tion, Asterisks indicate significant (P< 
(0.05; Student’ t test) differences re- 
ative to WT male mice, (© Survival 
ves of WT and IL-6 mice injected 


with DEN (25 mg/kg) at 15 days of 
age 


0.0006; log-rank test for 
ance), 


tononnal subjects (13). Whether IL-6 i caus or 
contributory to HCC is unknown, However, IL-6 
is thought to contribute to hepatocyte profi 
tion (4), and DEN administration to male mice 
results in IL-6 production that depends on IB 
kinase (IKK) in myeloid cells, most likely the 
resident liver macrophages called Kupffer cells 
(KCs), In addition to preventing IL-6 production, 
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Fig. 3. Influence of gender 
and IL-6 on hepatic injury 
and compensatory prolifer- 
ation. (AY Male WT oF IL-6" 
mmice (n = 3) were given 
DEN (100 mg/kg), and ALT 


alanine aminotransferase) 5 son), 

in serum was measured. (B) 

Livers of male WT or 6 ~ so) 

mice (v= 3) were assessed for 

apoptosis by TUNEL (terminal 

deoxynucleotidyl transferase— 
mediated dUTP nick-end la- 
beling) staining after DEN injection. (C) Hepatocyte proliferation in livers of 
DEN-injected male WT or IL-6“ mice (1 = 3) was assessed by injecting mice 
with bromodeoxyrudine (BrdU) (1 mg per mouse) 2 hours before the liver was. 
removed. BrdU-positive cells were identified by immunostaining. (D) Serum 
ALT was measured 48 hours ater DEN injection (n= 3 per group). OVX: female 
mice ovariectomized 2 weeks before DEN administration. E2 (50 g/kg) in com 
oil was injected 2 hours before DEN. Similar studies assessing differences 
between male and female mice (n = 3) were done for apoptosis (E) and pro- 
iteration (F). (G) Si-week-old male B6 mice (n = 3) were given E2 or vehicle 
(com oi) 2 hours before DEN injection. Recombinant IL-6 (10 jig) or sham 
buffer (phosphate-buffered saline) was given subcutaneously at the time of 
DEN administration. Serum ALT was measured 48 hours later. (H) Male ER 
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ablation of IKK in myeloid cells prevents com 
pensatory hepatocyte proliferation (5), a response 
Iniggered by hepatocyte death, 

‘Compensatory proliferation appears to have a 
<ritical role in DEN-induced hepatocarcinogene- 
sis (5, 10), and IL-6 is necessary for normal liver 
regeneration (14), $0 we examined gender ef 
‘on DEN-induced IL-6 production (/5), Adm 


circulating IL-6 in males than in f 
1A). A similar zonder bias was seen for acc 
mulation of IL-6 mRNA in fiver (Fig, 1B), Ad- 
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3) were injected 
with E2 (50 4g) in corn oi or vehicle 2 hours before DEN injection, and serum 
ALT was measured 50 hours later. (I) Male mice (n = 3 per point) were injected 
with PPT (5 mg/kg in corn oil) or vehicle 2 hours before DEN injection, and 
serum ALT was measured 50 hours later, All results for (A) to (I) are means 
SE, and asterisks indicate P < 0.05 (Student's t test). () Cells from livers of 
male, female, and IL-6~~ mice were lysed at the indicated times after DEN 
injection. STAT3 and JNK activation, and IxBcr degradation, were assessed by 
‘separating with SDS~potyacrylamide gel electrophoresis and immunoblotting 
with antibodies to the indicated proteins. Phosphorylation (P) of STATS and 
INK indicates activation. Phospho-STAT3 and STAT3 were from one gel, as 
‘were Phospho-JNK and JNKL2, and txBu and actin. 
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ministration of estradiol (E2) to male mice 
reduced IL-6 mRNA abundance, whereas ovari- 
ectomy augmented accumulation of L-6 mRNA 
in females, The latter was largely prevented by 
E2 administration (Fig. 1B), as well as by the 
estrogen receptor a (ERa) agonist propyl 
pyrol-trisphenol (PPT) (Fig. 1C), No gender 
differences were seen in IL-6 expression or 
hepatocyte profiferation after partial hepatectomy 
(fig. SI, A and B). 

Pronounced gender-specific differences. in 
IL-6 production were also seen in mice treated 
with carbon tetrachloride (CCl), & promoter of 
HCC development (lig. $2) (/6). The eytotoric 
gets of DEN and CCl, are dependent on their 
metabolic activation within the hepatocyte by 
‘eylochrome P4S0 2E1 (CYP 2E1)(/7), Expres- 
sion of CYP 2E1 did not differ between males 
and female mice treated with DEN (fig. S3A). 
‘Once activated, DEN forms DNA adducts (1). 
DEN-induced DNA modification and damage 
should lead to activation of the pS3-mestiated 
‘genomic surveillance response, Indeed, DEN ad- 
ministration ked to rapid increase in expression of 
the p53 target genes p21 and) Mam2, but the re= 
sponse Wa c in males and 
females (ig 

‘To determine whether the gender bias in IL-6 
production accounts for the sex difference in 
HCC development, we examined DEN-induced 
hepatocareinogenesis in make and fermake IL-6 
knockout (6%) mice and wikltype (WT) 
controls, All male WT mice developed HCC, 
asdid 13% of WT females (Fig. 2, A and B). A 
marked reduction in HCC ineidence was seen 
in IL-6” males, whereas no difference was 
seen between WT and IL-6 females. Ina 
cohort of mice monitored for survival, WT 
male mice exhibited shorter mean survival times 
than IL-6 mates oF females of either genotype 


‘We examined the role of IL in gender ditt 
{erences in short-term responses elicited by DEN. 
Compared. to WT animals, IL-6" males dis- 
played significantly less hepatic injury after DEN 
administration as evidenced by reduced alanine 
aminotransferase (ALT) release (Fig. 3A), less 
apoptosis (Fig. 3B), and less necrosis (Hig. SA). 


Fig. 4. Requirement of A 


‘Myb88 for IL-6 produc- 7 ecw 
tion, injury, and hepato- ie 
‘carcinogenesis after DEN pn 


treatment. (A) Accumu- 5 
lation of IL-6 mRNA was 
measured by realtime j 
polymerase chain teac- 
tion in. KCs from male 

WT, IKK“, or MyD8a~~ e 
mice (7 = 3 experiments 

per time point ater in- 
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‘cubation with LPS (10 ng/mD or necrotic debris prepared by cycles of freeze- 
‘thawing of primary hepatocytes. Where indicated, cells were incubated with E2 
(20 ng/ml) 30 min before stimulation. (B and C) Male WT and MyD88~ mice 
‘were injected with DEN, and liver IL-6 mRNA (B) or serum ALT (©) was measured. 


Diferences in compensatory proliferation matched 
the degree of injury, such that IL‘ males 
exhibited fewer proliferating hepatocytes than 
WT counterparts at 36 and 48 hours afier DEN 
administration (Fig. 3C), Treatment of male mice 
With an antagonistic antibody that blocks IL-6 
receptor signaling also provided protection from 
DEN-induced liver injury (fig. SS) 

Consistent with previous publications (19, 20), 
DEN.induced liver injury was reduced in females 
‘or males given E2 2 hours before DEN ad- 
ministration (Fig. 3D), Injury was increased in 
ovaricctominsd females and reduced after E2 
administration. Absence of IL-6 eliminated 
gender-related differences by reducing the extent 
of injury in males (Fig. 3D). DEN-induced 
apoptosis (Fig. 3E), necrosis (fig. S4B), and 
compensatory proliferation (Fig. 3F) were greater 
in male than in female mice. Administration of 
exogenous IL-6 augmented DEN-induced dam- 
age in both untreated and E2-treated male mice 
(Fig. 3G), The reduction of injury by E2 in IL 
tuvated mice suggests that E2 may also attenuate 
downstream IL-6 signaling. Similar gender- 
related differences in liver injury were scen after 
administration of CCIy (fig. S2). 

Using mice deficient in either ERa or ERB, 
\we found that ERa is the receptor responsible for 
the protective effect of E2 (Fig. 311), which was 
confirmed by decreased liver injury in male mi 
preireated with the ERa-specific agonist PPT 
(Fig. 3D, 

‘Another estrogen analog. tamoxifen, was 
found to get asa weak antagonist in this system 
and increase liver injury (ig. S6A). Absence of 
ERe_ alo increased DEN-induced injury in fe- 
males (fig. S6A). 

1L4 activates the transcription factor STATS 
(2). Theactivated form of STATS was absent 
livers of IL-6” mice, and WT female mive ex- 
hibited less STATS activation than males after 
DEN administration (Fig. 3), Female mice or 
IL-6 mice of both genders also exhibited re- 
duced activation of the mitogen-activated protein 
kinase JNK (¢-Jun N-terminal kinase) at 12 hours 
after DEN administration, whereas litle if any 
difference was seen in DEN-induced IxBar dew 
radation, Sustained activation of JNK is required 
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for DEN-induced liver injury as well as hepato- 
carcinogenesis (5, 10). 

Estrogens inhibit IL46 promoter activity by 
docreasing the activity of the transcription factors 
nuclear factor xB (NF-xB) and C/EBPB (22). 
KCs fiom male mice produced IL-6 when incu- 
bated with cither bacterial fipopolysaccharide 
(LPS) or cellular debris released by necrotic 
hepatocytes (Fig. 4A). Both responses. were 
strongly dependent on IKKB or the Toll-like 
receptor (TLR) adaptor protcin MyD8® and were 
inhibited ifthe KC were first incubated with E2 
(Fig. 4A), We speculated that necrotic debris 
leased by DEN-injured hepatocytes. triguers 
‘tokine production and compensatory prolifer- 
ation (5). The TLR adaptor MyDRS, which was 
required for IL-6 induction by necrotic debris 
‘was also required for DI 
of IL-4 in vivo (Fig, 4B) and 
liver injury (Fig. 4C), MyDSS was also required 
for optimal CCl-induced accumation of IL-6 
mRNA (fig. $7). MyDSS is also required for 
induction of liver injury in response to hypoxia 
(23) and LPS (24, Furthermore, MyD88 abla- 
tion suppressed DEN-induced hepatocarcino- 
genesis. MyDSX”™ male mice developed fewer 
(Fig. 4D)and smaller (Fig, 4E) HCC tumors than 
WT male mice, 

Administration of DEN also leads to modest 
accumulation of tamor necrosis factor-c (TNF) 
mRNA (5), another proinflammstory eytokine 
thought to be involved in liver regeneration (25), 
However, TNF-a expression did not exhibit 
gendercependent differences (fig. SSA), and 
ablation of TNF ot its type 1 receptor (TNFR 1) 
had litle ifany effect on production of IL-4 in 
response to DEN (fig. S¥B). Thus, IL-4 induction 
and liver injury are dependent on signaling via 
MyDSX but not through TNERI. Accordingly, 
ablation of TNFRI had no significant effect on 
DEN-induced hepaocarcinogenesis (fig, S8, C 
and D). 

Our results explain why females: are less 
prone to liver cancer than males, This study and 
sihers (5. 10) show a stong correlation between 
the amount of liver damage during acute toxicity 
and inflammation and the extent of HCC do- 
‘velopment. We found that both liver injury and 


(D and E) Number of HCCs (D) and sizes (E) in livers of WT and MyD88~~ male 
‘mice 8 months after DEN (25 mg/kg) administration. Results in (A) to (E) are 
means + SE. Asterisks indicate a significant (P < 0.05; Student's t test differ 
ence relative to WT males. 
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compensatory proliferation were strongly depen- 
dent on IL-6 and that the absence of this tumor- 
promoting cytokine resulted in almost complete 
inhibition of DEN-induced hepatocarcinogenc 
six. IL-6 production by KCS was largely de- 
Pendent on MyDSS, an adaptor molecule that 
‘acts downstream of TLRs as well as IL-1 receptor 
(26). Because DEN is not a dirvet macrophag: 
‘or KC activator (27), hepatocyte necrosis may 
bean intermediate in the pathway through which 
DEN or CCly exposure results in IL-6 proxtuc~ 
tion, Various macromolecules released by necrotic 
cells activate macrophages through TLRs, the 
receptors which in tum activate My DSS (28, 29), 
TRIF, another TLR adaptor protein (26), is not 
required for DEN- oF CClyinduced IL-6 produc- 
tion and liver injury (27). MyDS8 signaling, but 
not TNRI signaling, was required for optimal 
DEN-inkluced hepatocarcinogenesis in male mice, 
DEN-induced hepatocarcinogenesis appears to 
depend on an inflammatory response, triggered 
by hepatocyte necrosis, that leads to production 
of IL-6, Estrogens, at concentrations present in 
females but not in males, suppress IL-6 produc 
tion and therefore inhibit chemically induced 
liver mnesis. A similar mechanism could 
account for the gender bias in liver cancer in hue 
mans. I's, estrogen-mimetic compounds capa- 


ble of inhibiting excessive IL-6 production might 
bbe used to prevent progression of chronic liver 
disease to HCC in men. 
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Regulation of Spontaneous Intestinal 
Tumorigenesis Through the Adaptor 


Protein MyD88 


Seth Rakoff-Nahoum and Ruslan Medzhitov* 


Inflammation is increasingly recognized as an important component of tumorigenesis, although the 
‘mechanisms and pathways involved are not well understood. Tumor development is regulated by 
products of several modifier genes, but instructions for their tumor-specific expression are currently 
lunknown. We show that the signaling through the adaptor protein MyD88 has a critical role in 
spontaneous tumor development in mice with heterozygous mutation in the adenomatous polyposis 
‘oli (APO) gene. We found that MyO88-dependent signaling controls the expression of several hey 
modifier genes of intestinal tumorigenesis and has a critical role in both spontaneous and carcinogen- 
‘induced tumor development. This study thus reveals the important role of an innate immune signaling 


pathway in intestinal tumorigenesis, 


nflammatory responses contribute to carcino 
[ enesis through multiple mechanisms (3), 
Activation of the transcription fa 

tor XB (NF-«B), a key mediator of inflamma- 
tion, has critical role in the regulation of tunior 
development resulting from chronic inflamma- 
tion oF exogenous mutagens (4, 5). NE-XB is 
activated by multiple stimuli (6), and it is cu 
rently unknown which pathway is critically in- 
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Volved in cancer-associated inflammation and the 
tissue repair response (7), The role of inflamma- 
tory and tissue repair responses in spontancous 
‘carcinogenesis, independent of chronic inflam- 
Imation o¢ administration of exogenous carcino- 
‘gens, has not yet been characterized, However, 
naling through Toll-like receptors (TLRs) of 
the innate immune system to MyDSX (a signaling 
adaptor of TLRs) has a critical roke in the control 
of tissue renewal responses (8-17). 

A\ link between intestinal tissue renewal and 
tumorigenesis was established when the genetic 
‘basis of familial associated polyposis (FAP) was 
mapped to the APC gene (/2). Germline and 
sporadic mutations in APC occur in >85% 


FAP and >80% of sporadic colorectal tumors 
(22). A mouse model of spontancous intestinal 
tumorigenesis was discovered in a forward yenet- 
ie sereen (73), These mice, designated Apc™*, 
havea mutation in the APC gene and develop 60 
to XO intestinal adenomas, mostly at the distal 
small intestine (14), Given the role of the MyD8S 
signaling in intestinal tissue renewal and repair, 
‘we investigated the role of this uthway in sponta 
‘ncous intestinal carcinogenesis in Ape™™” mice, 

‘To examine a potential role of the MyDS8 
signaling pathway in spontaneous. intestinal 
tumorigenesis, we generated Ape” mice on 
MyD§S.suflicent and deficient backgrounds and 
analyzed sex-_and age-matched cohorts. On 
average, Ape” mice die within 6 months of 
‘age from complications of intestinal tumors (73), 
In contrast, mortality of Ape" MyDS8"~ mic 
was dramatically reduced as compared with 
Ape" littermate controls (Fig, 1A). We inves: 
tigatod the red blood cell (RBC) status of these 
rice, a marker of intestinal tumorigenesis, and 
found that the anemia observed in Ape” mice 
was significantly ameliorated in Apo™™* 
MyD8X~ mice (Fig. 1B). MyDS8-dependent 
signaling therefore contrbuks substtilly 40 the 
severe mortality and morbidity caused by in- 
axtivation of APC. 

The number of visible polyps (20S mm in 
diameter) was next quantified by stereoscopic mi- 
croscopy. The number of maeroadenomss in the 
ssnall intestines or colon of Ape” MyD88”” 
mice was reduced compared with that in Ape”* 
controls (Fig. 2A and fig. SI). Loss of MyD88 
decreased the number of small intestinal tumors 
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in all regions of the small intestine (Fig. 2B), 
most notably in the distal small intestine where 
the majority of tumor formation in Ape™** mice 
‘oceurs (/3) (Fig. 2B). 

‘The number of polyps in Ape" MyD8s 
mice was reduced, and the polyps that were 
present, both at the proximal and distal small 
intestine, were smaller in size than those present 
n age-matched Ape™™* mice (Fig. 2B and fig 
SI), This finding suggested that the MyDS8- 
dependent signaling pathway regulated intesti- 
nal tumor growth in Ape™** mice. Because the 
size of tumors can be influenced by the balance 
‘of cell proliferation and death within the tumor 
mass, we investigated the proliferative and 
apoploticrates within size-matched tumors from 
Ape and Ape” MyD88"™ mice (/5). 
Polyps from both genotypes showed similar 
proportions of proliferating cells (Fig. 3A). 
However, higher numbers of apoptotic cells 
\Wwere found in tumors from Ape" MyDS¥ 
mice than in samples from Ape" mice (Fig 
3B and fig, S24), Thus, MyDS may contribute 
to tumor progression through regulation of 
apoptosis 

Intestinal exis isa stepwise process 
(12), At the first step, refemad to as initiation, 
‘kenotic changes in either oncogenes or tumor 
‘suppressors lea to the transformation of nomad 
epithelium to dysplastic cells, resulting in the 
f mnieroneniomas. Tumor progression 
results in the expansion of microadenomas and 
an increase in tumor size (4, 12), The decrease in 
polyp fequency and size observed in Ape™™* 
MyDS compared with those in Ape” mice 
indicated that MyD8S regulates initiation or the 
progression from microadenomas to macro 
adenomas. The cancer initiation step in both FAP 
patients and Ape™"* mice involves the loss of 
heterozygosity of the APC ene and results in the 
formation of microadenomas (/2). To investigate 
Whether MyD8® affected early events in neopla- 
sia, weanalyzeal Ape™™** and Ape'*** MyD8S 
mice forthe presence of microadenomass. Four- 
to five-week-old Ape" mice, an age at which 
the majority of microadenoma formation occurs 
(3), were observed to have similar frequencies 
[Ape™"; 2.06 © 1.63 (SEM): Ape" MyD&S 
2.19 + 0.95; mieryadenomas per Swiss oll section 
‘of entire smal intestine; N= 4 mice per genotype] 
and morphology of microadenomas regardless of 
the presence or absence of MyDS® (Fig. 3B). 
Thus, MyD88 appears not to influxnee the forma 
tion of early neoplastic lesions in intestinal tumor- 
genesis but rather contributes to tumor growth 
and progression. In adklton, macroadenomas of 
both ApeM™* and ApeM* MyD88~ mice 
showed an equivalent inerease in cytoplasmic 
and nuclear accumulation of catenin (Fig. 3D) 
and frequencies of cells with nuclear Becatenin 
(lig, S2B), suggesting that MyD88-tependent 
signaling does not affect freatenin nuclear 
translocation in dysplastic epithelium. 

‘We further investigated the role of MyD88 in 
intestinal tumorigenesis by comparing gene ex- 
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pression in size-matchad polyps from Ape" 
and Ape" MyD88™ mice. This analysis 
revealed two classes of genes that are overex- 
pressed in tumors compared with normal tissue 
‘One css of genes was MyD8®-independent in 
that their expression was similarly upregulated in 


Fig. 1. Effects of MyD88- A 
deficiency on mortality and 
blood loss in Apc*™* mice. 


(A) Apcl™** NyD83"* or 
ion ye N= 
32) and yas 
(pet Mydas™; N= 


29) mice were passively 
followed for long-term sur 
vival. Difference in survival 
was determined significant 
by the Mantel-Haenszel 
Log-rank test. (B) At time 
of sactifice, hematocrit of 
peripheral blood of age- 
‘and sex-matched mice (20 
to 22 weeks old) was de- 
termined. Statistical analy- 
sis was performed using the 
Mann-Whitney U test. 


Survival (%) 


Hematocrit (%) © 
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Ape and ApeM** MyD88"~ tumors (ig 
'S3). This class of genes included, for 
e-Mye, which is known to bea direet tan 
catenin (/6). These tumoraspregulated, but 
MyDS8-independent, genes serve as internal 
controls for tumor tissue sampling, 


‘ApeMin/+ MyD88-/- 
daar) 


ApcMin/+ 
EE EEET OE Mc) 


Week 


Region 


O12 23 33 


Diameter (mm) 


Fig. 2. Characterization of tumors in Apc™** mice in the presence or absence of MyD88. (A) (Left) 
The number of visible polyps in the small intestine (20.5 mm in diameter) was quantified by 
stereoscopic microscopy in age (20 to 33 weeks old)- and sex-matched Apc™”* and Apc” 
‘MyD88~*" mice. (Right) The number of visible polyps in the large intestine in age (20 to 28 weeks 


old)- and sex-matched Apc™™* and Apc 


* MyDB8~" mice. (B) (Left) Frequency of the polyps in 


Apel" and Apc™"* MyDe8~~ mice stratified by small intestinal region. (Right) Size range of 


‘tumors from age- and sex-matched Apc™™* and Apc™™* MyD88~~ mice. Error bars, +SEM. 


Pe 


0.01; ***, P < 0.001 (compared with Apc"); Mann-Whitney U test. 
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However, in these same size-matched tumors, 
We found many genes that showed increased 
expression in a tumor-specific and MyD88. 
dependent manner (Fig. 4). These included 
encoding positive regulators of intestinal tumor- 
nesis, such as cyclooxygenase? (COX: 
18}, matrix: metalloprotease (MMP) 7 (/9), 

phospholipase A2(ePLA2) (20, 21) 
(Fig. 4), MyD88lependent signaling was also 
required for the tumor-specific expression of 
coding keratinocyte growth factor 2 
(KGF2) [also called fibroblast growth factor 10 


( 
and cytosol 


Fig. 3. MyD83-dependent and -independent 
epithelial homeostasis in intestinal. tumors 
and formation of early neoplastic lesions. (A) 
S-bromodeoxyuridine (BrOU), (B) (left panel) 
diamidino-phenylindole (DAPD, and (right paneD 
terminal deoxynucleotidyl. transferase-mediated 
deoxyuridine triphosphate nick end labeling 
(TUNEL) stain of intestinal tissue from WT and 
MyD88"~ mice and size-matched tumors from 
‘Apcl™™* and ApcM™™* myD88~~ mice. (C) Rep- 
resentative histologic microphotos of distal small 
intestine from littermate mice at 4.5 weeks of 
age. Haemotoxylin and eosin stain; images are at 
200x magnification. (D) Representative catenin 
Staining of small intestine of age (20 weeks)- and 
sex-matched mice. Images are at 400x magnif 
cation. Arrowheads indicate nuclear localization 
of freatenin at cells present at the crypt base in 
WT and MyD88~~ mice. Increased cytoplasmic 
and nuclear {catenin staining can be seen in 
humerous cells in tumors of Apc™*”* and Ap™™* 
MyD88~~ mice. 


(FGF10)), CD44, MMPIO, insulin-like growth 
factor binding protein (IGFBP) 5, insulin-like 
growth factor-I (IGF 1), regenerating gene product 

IIIB), and various cytokines and chemo- 
kines such as keratinocyte derived chemokine 
(KO), interleukin (IL)-6, and IL-1 (Fig. 4 and 
all of which are components of the tissue 
repair esponse and have been either shown tobe, 
or implicated as, positive r 


critically involved in the tumor-specific induction 
‘of modifier genes of intestinal tumorigenesis, as 


A 8 


Interestingly, MyDS8-dependent genes in Ape™ 


ided both clssical NF-XB re 


IGFBPS), 

The tumor modifier MMP7 is expressed only 
in dysplastic epithelium (/9), whereas another 
‘tumor modifier, COX-2, is expressed by multiple 
cell types in Ape™* tumors, including macro- 
phages, fibroblasts, endothelial cells, and epithe 
Tium (22). Overexpression of both MMP7 and 


Fig. 4. My088 regulation of modifiers of tunoe ow 
progression. RA was prepared from the dstal smal ta Mypsey- 
intestine of normal intestine of WT and Myb8e™ EZ ApeMin/+ WT 
ime. and sze-matched tumors of Ape" and 
‘Apt nyD8S-~ mice, cDNA was prepared, Baa ApeMin/+ MyD88-/- 
and quantitative polymerase chain reaction was 
performed. Expression of candidate genes was Ps 
normalized to. hypoxanthine-guanine phospho- Lana elo” Bb 
ribosyltransferase (HRT) and relative induction = 
Compared with evel in the intestines of WT mice. PH 
Dat are resentative of fe tumor) tine § 
samples each isolated from different mice. Error 
bars, + SEM. *, P< 0.05; **, P< 0.01 (compared = & ke Hd 
Pee Kann Mey U B ag 
® 10) Din * ) y 
3 10 cpuaa 8) Regill 25)IGFBPS 
< 3 6 2 Bd 
6 a 15 Y 
H 3 10 Z 
2 = 4 i 
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COX-2 is MyD88ependent in tumors (Fig. 4 
and fig. $3). This suggests that MyDS8 regulates 
intestinal tumor progression by induction of tu- 
‘mor modifiers in both epithelial and stromal cells, 
similar to the role of IKK dependent signaling 
in chronic inflammation-ependent intestinal 
tumorigenesis (1) 

We observed similar frequencies of leuko- 
éeytes, such as macrophages, both in normal mu- 
cosa and different sized tumors of Ape" 
(23) (fig, $6), indicating that differences in ene 
‘expression observed in Ape” and Ape™ 
MyD88"™ tumors did not result trom differences 
in leukocyte recruitment, 

In another moxtel of intestinal (colonic) tu- 
morigenesis [the administration of the carcinogen 
azoxymethane (AOM) (24)), incidence of tumor 
formation was again decreased in. MyD8S 
‘mice compared with that in wikl-ype (WT) mice 
(fig, $7), Thus, the MyDS88-dependent signal- 
ing pathway critically contributes to carcinogen- 
induced colonic tumorigenesis as well 

‘MyDS8 fictions in signaling downstream of 
both TLR and IL-1 receptor families. Although 
booth types of receptors may contribute to the 
phenotype of Ape" MyDS mise, the 
function of IL-1 fs likely 10 be downstream of 
TLRs because expression of IL-1 is dependent on 
TLR-MyDXS signaling (25) fig. SA), The nature 
‘ofthe tigger for TLR signals in Ape™*™* tumors 
is currently unknown, 

The MyDX8 signaling pathway trigaered by 
the TLRAL-IR family of receptors funetions in 
the control of inflammation both in host defense 
from infection and in tissue repair (8, 9 11, 26) 
Many genes involved in tissie repair (27) are in 
duced in a TLR and MyDSS-dependent manner 
upon intestinal injury (8, 9) (fig SS). Thus, the r= 


mice 


quirement for the MyD88 signaling pathway in 
intestinal tumor progression could result from the 
«essential ok of this pathway in the induction of a 
tissue-rpair program This would support the 
notion that tumor growth is an abnormal form of 
4 continuous and unregulated site of tissue repair 
(U2, 28, 29) Indeed, unlike the self-limiting re 
[ir in nonmal issues, the tumorassociatsd tissue 
repair response both promotes and is triggered 
‘by the tumor growth, thus falling into the self 
‘empetusting and uncontrolal state of issue rep. 
Our findings establish that the MyDS8 sig- 
naling pathway downstream of members of the 
TLR and IL-IR family has a critical roke in intes- 
tinal tumorigenesis. Tumor-associated expression 
‘of key moditier genes, as well as many ether posi 
tive regulators of intestinal tumor progression 
and tissue repair, ae critically dependent on the 
MyDS® signaling pathway. It shouk! be noted 
however, that there re substantial differences be- 
tween human FAP and Ape™** tumorigenesis. In 
addition, the ApeM®* model is sensitive w a 
Variety of genetic alterations. Therefore, it will be 
important to determine in future studies whether 
the MyDS® pathway contributes 1 intestinal 
origenesis in humans. 
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Yeast DNA Polymerase < Participates 
in Leading-Strand DNA Replication 


Zachary F. Pursell,” Isabelle 1s0z,” Else-Britt Lundstrém,? Erik Johansson,” Thomas A. Kunkel" 


‘Multiple DNA polymerases participate in replicating the leading and lagging strands of the 
‘eukaryotic nuclear genome. Although 50 years have passed since the first DNA polymerase was 
discovered, the identity of the major polymerase used for leading-strand replication is uncertain. 
‘We constructed a derivative of yeast DNA polymerase c that retains high replication activity but has 
strongly reduced replication fidelity, particularly for thymine-deoxythymidine S'-monophosphate 


(T-dTMP) but not adenine-deoxyaden« 


ine 5’-monophosphate (A-dAMP) mismatches. Yeast strains 


with this DNA polymerase e allele have elevated rates of T to A substitution mutations. The position 
and rate of these substitutions depend on the orientation of the mutational reporter and its 
location relative to origins of DNA replication and reveal a pattern indicating that DNA polymerase 


© participates in leading-strand DNA replication. 


plication of the cukaryotic nuclear 
RR sere se A nme 

initiate synthesis at origins and to initiate 
synthesis of Okiwaki fragments on the lagging 
strand, allowing DNA polymerases 6 (pol ) and 
(pol e) to then perform the bulk of chain 
elongation (1, 2). Pol 8 is implicated in lagging- 


ww sciencemag.org_ 


strand replication (/), but the identity of the 
ppolymerase(s) that replicates the leading strand is, 
unknown (J. 2). Null alleles of the POL2 (pol e) 
and POLS (pol 8) genes are uninformative for 
identifying the leading-strand polymerase, be- 
cause both genes are essential for normal rep 
lication. To retain replication activity. while 


generating a distinct mutational signature in vivo 
that allows assignment of pole to eading- and/or 
Jagaing-strand replication in yeast cells, we sub 
stituted glycine for Met at the Saccharomyces 
siae pol active site. Yeast pol © with the 
MeGily change retains 44% of wiklype 
polymerase activity (Fig. 1A) and retains full 
3 exonuclease activity (Fig, 1B). A haploid 
pol2-MO44G yeast strain grows ata rate similar 
toa POL2 strain (Fig. 1C), indicating that MG, 
pol € retains substantial replicative capacity. In 
both its exonuclease-proficient (Fig, 1D) and 
‘exonuclease-deficient forms (Fig, 1E), M™ _ 
synthesizes DNA in vitro with reduced fide 
comparison with wikltype (ic, Met) pol © 
(Fig. 1 and table St) (3), Le. it is detective in 
discriminating against deoxynucleotide triphos- 
phate (NTP) misinsertion. Even the exonuclease- 
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proficient polymense has an elevated base 
substitution error rate (Fig. 1D), indicating that 
despite retaining proofreading potential (Fig 
1B), M°G pol e does not efficiently prootivad 
mismatches, for example, TETMP mis 


Whereas rates in the pol2-M644G strains ranged 
from 16 * 10* to 45 « 10°* (Table 1), When 
independent wa3 mutants from these strains 
Were sequenced, a variety of mutations were 
observed in the wikl-type (M644) strains, 


consistent with many sources of mutagenesis 
in wild-type yeast. Among the mutations, A-T 
to T-A substitutions were rate, resulting in low 
spontaneous mutation rates for these two events 
in wild-type strains (Table 1), In contrast, and as 


matches, This is more obv ious in some sequence 
contexts than others. Among 16 positions in the 
JacZ template where T 1 A substitutions can be 
Sl), errorsare particularly prevalent 
at template T+147 and T-36 (Fig. 1F), resulting 


Table 1. Mutation rates at URA3. Mutation rates were measured as described in (15). Parentheses, 
contain the numbers of A-T to T-A plus T-A to A-T substitutions observed among the total number 
of ura3 mutants sequenced. Cl, confidence interval. 


in a high error rate of exonuclease-proficient 
eMC pale foeratMPmamaches = 109, Yet Ween UR A ate gay cy MTR Qe! 
Income telovetsmirnichircugatenc. sla and origin orient, (20) pee See 
proficient MG pol e is 0.28» 10 for the = = 
AWAMP mismatch, a difference of at Kast WM PE -RARSIO6 be] wom ba 
39-fold (Fig. 1D). This large difference in the + ts 
¢ of stable misincorporation of UTMP opposite PO M6446 L-ARS306 : Fd pa Ee 
T compared to dAMP opposite A is eri uA 182 
interpreting M°™G pol e's distinctive mm SANE x a rete 
signature in yeast, because these mismatches are e 
the two possible intermediates that could result in Wild type RAL 2 2 ue ae 
aNd  . momucieme PORMOASG —RARSSOL = % 17 2284) 
MOHIG allele, the spontancous: ms Ls 5.9 (9/32) 
‘mutation rate at the CAN Tocus was clevated by 
4 factor of 3.9 compared witha wiklype strain 
(table $3) (3), When repair of single-base mis- D 
matches was inactivated by disrupting MSH, 35 a5 Exor 2 
© pol? MOG = 30] aa 6 
strain was $8 times as high as that forthe Sinsh aa Ss 
with wild-type POL2 (table $3), con- 2 80 
sistent with inaccurate DNA replication in vivo 20 20 - 
by exonuclease-proficient M™'G pole. When 315 18 
11 independent Car? mutants from the pol2- Cary a 49 
MO44G strain were sequenced, six contained 
T-Ato A-T substitutions predicted by the high on be ee , 
rate of T< TMP mismatch formation by MG. E 250 ee 
pol e (Fig. 1D). i 7 Fess 
Based on these results, we investigated $ 200) H 
whether M°4G pole participates in leading & 7 250 
andor lagging-strand replication using ty i 180) }200 
proviously employed to follow replicative muta . ‘ ins 
genesis on the two strands in strains encoding : hs 3 
wild-type or cxonuclease-deficient DNA poly- 0 2 100 
merases (4-6). In those studics, the template %0 
strand for replication errors was assigned by mon 
itoring incorporation of 6-hydroxylaminoparine BS} st TMT AWA 
monophosphate opposite template cytosine on 
one atonal, oF Jacempontion 6€ GAMP.oppoako. <C F 
tempiate N-oxoG on the ter stand Inthe $9 : — 
present study, We assigned the template strand + AM 
based on the strong preference of MG pole for gg  °* ® 
subie misncorpraion of TMP oppesie TB gg paige ca pe 
rather than dAMP opposite template A (Fig. ID). 40 31 ata rfl 
We compared spontaneous mutation rates. in z nee 5 
stnins conning the poZ-MBtAG alle or the 02 Soe se sd ay 
wikl-type POL? gene (Table 1). Rates were wih atthated DNA (B) Exoruclease scthity of wildtype 
measured using the URA3 reporter ene, which (lack boxes) and MG pol v (gray boxes). (©) Growth 
was inserted in each of the two possible orien Soa 30 curves fr wild‘ype Goll ne) and pol-M644G (dashed 


tations, and on opposite sides of, but close to, 
ARS306 (Fig. 2), an origin of replication on the 
Jeli ann of chromosome III that fires in early S 


‘Time (min) line) strains. (D) Average error rates for exonuclease- 
proficient wild-type (black bars) and Mt**“G pol © (gray bars) for base substitutions (B.S.), single-base 
deletions (—1), single-base insertions (+1), T to A transversions (Ted7), and A to T transversions (AedA). 


phase with >9(P% efficiency (7). Asterisks denote error rates that are < the indicated value. (E) As in (D) but for exonuclease-deficient pol 
‘URA3 mutation rates in the wild-type POL2 __ . (F) T to A transversions at ~36 and +147 positions in lacZ using exonuclease-proficient MG pol ¢. 
strains ranged from 3.1» 10" to 6.6 = 10°, Sites where T to A and A to T transversions are detectable are in bold and underlined, respectively. 
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predicted by the high rate of TITMP mismatch 
formation by M°MG pol e in vitro (Fig. 1D), the 
rates of A-T to T-A substitutions were higher 
in the pol2-M6HG strains (Table 1). Just as 
misincorporation in vitro was. prevalent at 
certain template locations in the lacZ. template 
(eg, TH147 and T-36, Fig. IF), the majority of 
these transversions generated in the pol2- 
MONG strains occurred at two specific hase 
Pairs (hot spots) in the URA3 coding sequence, 
rnumbers 279 and 686 (Fig. 2) 

The rate of these substitutions depended 
strongly on the orientation and location of the 
URA3 gone, When URA3 was placed to the right 
of ARS306 in the pol2-M644G strain, 43 of 61 
mutants recovered contained an A to T transver- 
sion, defined relative to the URAL coding strand 
(Table 1), and 36 of these 43 were at base pair 
number 686 (Fig, 2A). This yieldsa rate of Ato 
T transversion at base pair 686 in orientation 
1 of 13 » 10 (Fig. 2A). This rate is higher than 
that observed in the corresponding. wild-type 
strain (<0,6 = 10°) (Fig. 2A), which indicates 
that the A to TT mutations are dependent on 
replication by M°“G pol e. Because ARS306 
is only ~1700 base puis distant from the URA3 
‘gene, the replication fork emanating from ARS306 
reaches base pair 686 long before the fork 
‘emanating from ARS307, which is over 32,000 
base pais tothe right of URA3. In thiscase, if we 
assume fiom the error specificity in vitro (Fig 
1D) that these events resulted fiom T-dTMP 


mismatches generated by M°“G pol © rather 
than by A-dAMP mismatches, pol eis infered to 
replicate the kading-strand template, as depicted 
in Fig. 2A. 

In contrast to the two A to T hot spots, only 
two T to A events were detected among 61 
mutations recovered fiom this strain (Table 1 
R-ARS306, orientation 1), even though there are 
many sites where such substitutions can be 
scored. Such T to A events would be inferred to 
result from TITMP mismatches generated if 
M6HG pol e was replicating the lagaing-strand 
DNA template. This paucity of T 0 A sub- 
stitutions could be due to the fact that pol © 
Participates much more in Ieading-strand repl- 
cation than in lagging-strand replication. Alier- 
natively, a hot spot sequence context may not be 
‘present in the lagging-srand template. These two 
possibilities were distinguished by comparing 
results in a second strain in which URA3 was 
again placed to the right of ARS306, but now 
in the opposite orientation. In orientation 
Where a TATMP mismatch at base pair 686 
would bea lagging-strand error, the rate oF A to 
T transversions at base pair 686 was observed 

be lower by a factor of at least 32(<0.4 » 10°, 
Fig, 2B) as that in orientation 1, Thus, the lack 
of T to A substitutions in orientation 1 is not 
simply duc to the absence of the appropriate 
hot spot sequence context in the lagging-strand 
template, but is most simply explained by prom- 
incat panicipation of pol © in keading-strand 
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Fig. 2. Variation in the rates of T to A transversions by location and gene orientation. Six haploid 
strains were constructed containing the pol2-M644G mutant allele. URA3 was to the right (A, B, E, 
‘and F) of left (C and D) of the indicated ARS, with the coding sequence in the Watson (A, D, and E) 
‘oF Crick (B, C, and F) strand. A replication fork is shown moving away from the ARS (black box) and 
replicating the URA3 gene. The nascent leading strand is depicted as a single, unbroken arrow, 
whereas nascent Okazaki fragments on the lagging strand are depicted as broken arrows. The A-T 
to T-A hot spots (* for A279 and ** for A686) are represented as the inferred T-dTMP mispair 


generated during replication. 
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plication ax compared with lagging-strand 
replication, 

This interpretation is reinforced by the fact 
that the opposite mutational asymmetry holds 
‘when URA3 is located to the left of ARS306. 
Here, the rate of A to T transversions at base 
pair 686 was high (20 » 10") in orientation 2 
(Fig. 2©), where a TATMP mismatch by 
MG pol © would again be a keading-sirand 
crtor, and the rate is lower by at least a factor of | 
25(<0.5S » 10°) inorientaton | (Fig, 2D), where 
a TATMP mismatch would be a lageing-strand 
crror. These efleets are not contined to the A-T 
‘hase pair at position 686, because a similar pat- 
tem is observed at position 279 in the URA3 gene 
Fig. 2), A to Tsubsttutions at postion 279 are 
only seen in wo of the four strains (Fig, 2, A and 
©), and in bot cases the patter is consistent with 
‘TATMP mismatches generated by M™4G pol & 
during replication ofthe leading-strand! template. 
Finally, a similar pattern is observed at a second 
‘genomic location examined by insenting UR 


arm of chromosome V that is used late in S 
(8), The results at ARSSO1 are similar to those at 
ARS306, in thatthe rate of Ato T transversion at 
‘base pair 686 is 11 times as high in orientation 
1 (Table 1 and Fig. 2E) compared with orien- 
tation 2 (Table 1 and Fig. 2F), Given that the 
nncarest flanking origin ix at least 10,000 base 
fairs to the right of ARSSOL, this pattem is 
consistent with TdTMP mismatches generated 
bby MG pole during replication ofthe keading- 
strand template 

From the M“4G pol e bias for TTMP as 
opposed to AWAMP errors (Fig. 1) and the 
patterns of mutagenesis in vivo (Fig 2 
that MG pol e, and therefore likely wild-type 
pol e, participates in Ieading-strand replication 
This interpretation is consistent with evidence for 
pol participation in lagging-strand replication (/) 
and with evidence that the exonuclease activi 
of pol & and pol e edit 6-hydroxylaminopurine 
induced mismatches on opposite strands (6). 
‘The interpretation that pol ¢ replicates the lead- 
ing strand does not exclude its panicipation in 
lagging-strand replication under cent 
‘cumstances. The interpretation also does not ex- 
clude the possibility that pol 8 might contribute 
to Ieading-strand replication. Both models for 
the participation of pol 6 and pol ¢ in leading- 
and lagging-strand replication (1, 2) may be 
comect, with the choice of polymerase de- 
pendent on such variables as replication timing 
(9), DNA sequence context, chromosomal or- 
ganization and/or chromatin status, or various 
types of replicative stress. Given that pol e is 
a known checkpoint sensor (/0-12), our evi- 
dence that pol © has an important role in rep- 
licatng the leading strand is consistent with the 
idea that the status of leading-strand synthesis 
of replication fork progression determines 
‘whether the S phase checkpoint is activated 
(13,14), 
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Host Resistance to Lung Infection 
Mediated by Major Vault Protein 


in Epithelial Cells 


‘Michael P. Kowalski,” Anne Dubouix-Bourandy,™* Milan Bajmoczi,"* David E. Golan,** 


Tanweer 
Erik A. C. Wiemer,” Gerald B, Pier™* 


i,’ Yamara S. Coutinho-Sledge,* Melanie P. Gygi, Steven P. Gygi, 


The airway epithelium plays an essential role in innate immunity to lung pathogens. Ribonucleoprotein 
patticles primarily composed of major vault protein (MVP) are highly expressed in celts that encounter 
‘xenobiotics, However, a clear biologic function for MVP is not established. We report here that MVP is 
rapidly recruited to lipid rafts when human tung epithelial cells are infected with Pseudomonas 
‘aeruginosa, and maximal recruitment is dependent on bacterial binding to the cystic fibrosis 
transmembrane conductance regulator, MVP was also essential for optimal epithelial cell internalization 
and clearance of P, aeruginosa, These results suggest that MVP makes a substantial contribution to 


‘epithelial cell-mediated resistance to infection, 


he innate immune response 0 foreign 
| athoyens involves a rapidly initiated, 
complex array of cefilar changes and ac- 
tivation of signaling pathways after contact of 
pathogenic microbes with epithelial surfaces 
‘Cellular uptake of pathogens, induction of an in- 
Thammatory cascade, and eventual apoptosis of 
cells o restore tistie homeostasis are essential for 
the clearance of many pathogens (/, 2). One 
setting that allows for an in-depth study of innate 
jmmunity in the airway is the condition cystic 
fibrosis (CF), in which hypersusceptibiity. to 
infection with Pseudomonas aeruginoss results 
partly from a failure to property activate the nor- 
‘mal host immune response (2-5 
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Different mutations in the CF transmembrane 
cconxluctance regulator (CFTR) gene have been 
found, many resulting in a deficiency in the it 
nate immune response to P-aeriainasa (6-8). Most 
CE patients (81%) develop chronic P aeruginosa 
Jung infections, with respiratory function decline 
‘over 10 to 25 years, and premature morality 
the tind wo fourth decade of life (3, 6). Among its 
other functions, CFTR acts as a receptor for the 
‘outer core oligosaccharide of the P? aerieginosa 
Fipopolysiccharide (LPS) (5). In humans with 
WE-CFTR, rapid binding to P. aeruginasa ini- 
tiates: an innate immune response that includes 
bacterial ingestion by cpithelial cells, nuclear 
factor xB (NF-xB)activation, cytokine secretion, 
and eventual epithelial cell apoptosis (8-11). 
These responses are associated with maximal 
resistance to P. aeruginosa infection. In CF, the 
absence of functional CFTR prevents these rapid 
innate immune responses to infection, resulting 
in failure wo clear P. aeruginosa. Infection is 
further exacerbated by additional features of CF, 
including poor mucociliary clearance due to 
dehydrated airway surface liquid and thickened 
mucus (6), a8 well as the propensity of the orga- 
nism to grow as mucoid microcolonies within 
anaerobic mucus plugs (2. 

P. aeruginosa infection initiates effective 
innate immune responses afier contact with 


Jung epithelial cells by inducing formation of 
lipid rafts andior caveolae membrane micro- 
domains (13, 14) that contain WT-CFTR (4), 
To determine the molecular events that 
fiom this initial epithelial cell contact 
formed an analysis of proteins recruited 10 fi 
ralls generated during 15 min of infection \ 
P. aeruginosa, Ratis were isolated from WT- 
CFTR-expressing human lung epithelial cell 
Iysates, and proteins in these rafts were com- 
pared with proteins in rafts from uninfected cells 
(U5). About 150 proteins identified by matris- 
assisted laser desomption/ionization-time-of= 
flight (MALDI-TOF) mass spectrometry were 
found exclusively in lipid rats of 7 aeruginosa 

infected cells table $1), potentially having an 
impact on the arious cellular responses: that 
follow CFTR binding of P. aeruginosa, We 
identified one of these proteins with an abundant 
number of detected peptides as the major vault 
proicin (MVP), also referred to as the lung 
resistance: related protein (16) 

MVP is highly expressed in hang and intes- 
tinal epithelia, dendritic cells, and macrophages, 
and multiple copies of MVP assemble into 13- 
megadalton barre-like ribonueleoprotein com- 
plexes known as vaults that also contain two 
‘minor proteins | yault poly(ADP-ribose) polymer= 
ase (VPARP) and telomerase-tssociated. pra 
1 (TEPID) and untranslated vault RNA sequen 
(VRNAs) (7), Although vaults have been pro- 
posed to have a role in drug resistance, nucleo 
‘ytoplasmic transport, and regulation of signaling 
(8-24), a definitive function for MVP or vaults 
has yet to be assigned as MVP knockout mice 
{MVP™) do not have phenotypes consistent with 
these in vitro observations (17, 25). 

‘Westem blot confimed the rapid reensitment 
of MVP to lipid rafts during? aeruginosa 
infection (Fig. 1), Fifieen minutes after infec- 
tion, the proportion of total cellular MVP in rafts 
isolated from airway epithelial cells expressing 
WECFTR increased dramatically, whereas the 
proportion of total cellular MVP recruited t rafts 
in P. aeruginosa-infected isogenic airway cells 
expressing only the AFSO8 CFTR protein 
increased 10 only 30% of the levels of W-CFTR 
cells (Fig. 1A). Total MVP expression was 
identical in the two cell fines, and 10 10 15% of 
the total cellular MVP protein was found in rafls 
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of infected WT-CFTR cells. OF the minor vault 
components, VPARP was detected by immuno- 
blot and vRNA was detected by reverse tr 
scription polymerase chain reaction (RT-PCR) in 
factions from 2 aeruginasa- infected cells 
S1), Although TEP! was not detected in the 
raft fractions of infected cells, this protein was 
readily detected in cell lysates (fig, S1), Because 
TEPI is the vault component that binds VRNA, 
the finding of VRNA in the raft fractions sug- 
gested that TEP| was also present at undetectable 
levels and that the complet 
recruited to lipid rafts after infection, Green fluo- 
escent protein (GFP)-tagged WT-CFTR_ was 
stably transfected into the IB3-1 CF cell line 
(AFSO8W1282X. CFTR alleles), and immuno- 
Muorescence staining of P.aer 
cells showed colocalization of bacteria, MVP, 
and CFTR (Fig. 1B), which indicated that all 
three components were recruited to the same eet 
lular site during infection. However, eoimmuno- 
precipitation experiments using lysates from 
infected cells failed to detect a stable interaction 
between CFTR and MVP. Thus, it appears that 
the presence of WE-CFTR ats MVP re 
cruitment 1 membrane microdomains. in_1- 


vault structure was 


josa- infected 


A 


sponse to P. aeruginosa infection without direct 
physical association. 

Disnuption of lipid raf by cholesterol extrac 
tion using methybf-cyclodextrin (Fig. 1C) or 
solubilization of rafis using octyl-o-glucoside 
(lig. S2) markedly reduced the level of MVP in 
the raft factions. Multiple strains of P aerugi- 
nosa, including strain PAOI-V: two carly isolates 
from the lungs of a CF patient (N6, N8); and an 
isolate from a comeal infection (6294) induced 
recruitment of MVP to rafis (Fig. 1D), P. 
ins that express a truncated form 
‘of LPS, lacking a full outer core [mutations in the 
gall’ oF aleC genes (5, 10)] and thus incapable of 
bind FTR, did not induce raft localization 
of MVP in cells with WE-CFTR (Fig. 1E). This 
result indicates that binding of P- aeruginosa LPS 
‘outer-core oligosaccharide 1 CFTR is required 
for recruitment of MVP to lipid rafts. 

Previously characterized CFTR-ependent 
epithelial cell responses to vinosa include 
bacterial uptake, NF-xB activation, interleuki 
8 (IL-8) secretion, and induction 
(4,8, 10, 11,26), To determine the pote 
of MVP. 
reduced MVP cellular expression by more tha 


these responses to Faery 
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Fig. 1. Recruitment of MVP to lipid rafts of airway epithelial cells by P. aeruginaso. (A) Lysates of 
WT and homozygous AFSO8 CFTR human airway epithelial cells (CFTA-LCFSN and CFT1-LC3, 
respectively) left uninfected (Con) or infected with P. aeruginosa strain PAOL-V (PAO) were 
separated on discontinuous sucrose gradients. Proteins in raft fractions were precipitated and 
subjected to SDS—polyacrylamide get electrophoresis (SDS-PAGE) and immunoblot analysis with 
antibodies directed against human MVP. (B) IB3-1 CF cells (AFSO8W1282X) transfected with WT- 
CFTR with an N-terminal GFP tag were infected with CFP-expressing P. aeruginosa, then fixed and 
stained for MVP. Confocal microscopy identified (arrows) bacteria (red), CFTR (green), and MVP 
(blue) at the site of bacterial contact with the cell membrane. Scale bar, 10 jum. Overlay shows the 
merged image of the three individual channels. (C) MVP in rafts of WI-CFTR cells left uninfected 
(Con) or infected with P. aeruginosa (PAO) in the presence or absence of 5 mit cyclodextrin (CD). 
(D) MVP in rafts of WT-CFTR cells left uninfected or infected with strain PAO-V or clinical isolates 
of P. aeruginosa from two CF patients (N6, NB) or from a corneal infection (6294). (E) MVP in rafts 
of WI-CFIR cells left uninfected or infected with strain PAOI-V of LPS mutants of PAOI-V (algC or 
gall). The LPS mutants lack the CFTR-binding domain on the bacterial cell surface and do not 
promote MVP entry into lipid rafts after P. aeruginosa infection. 
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‘90% using MVP-specific small interfering RNA 
(siRNA) (Fig. 2A). Control cells were transfected 
with a scrambled siRNA sequence. MVP knock 
down decreased recruitment of this protein to 
lipid rafts 1S min afier P. aeruginosa infection 
(Fig. 2B), Imernal of four different P. 
deniginosa strains was consequently reduced 10 
35 to SO% of the levels seen with control cells 
2), MVP knockdown had 
xB activation, IL-8 secretion, or apoptosis 


9 effect on 


NI 
induced by P aeruginosa (fig. S3, A 10 C), Thus, 


‘of these four components of the immune 
response, MVP appears to be involved only in 
the bacterial uptake pathway. It is also possible 
that, due to the high expression levels of MVP. 
in airway cells, the residual 5 t0 10% of MVP. 
present allersiRNA treatment was sufficient for 
these other signaling and response pathways or 
that other proteins could substitute for MVP in 
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Fig. 2. MVP function in the interaction of airway 
epithelial cells with P. aeruginosa. (A) Whole-cell 
lysates from WI-CFTR cells (CFTI-LCFSN) that had 
been treated with either a scrambled siRNA 
sequence or MVP-specific siRNA were subjected 
to electrophoresis and immunoblot analysis with 
[MvP-specific antibodies, Specific siRNA treatment 
reduced the level of MVP by >90%. (B) WT-CFIR 
cells were treated with scrambled or MVP-specific 
SIRNA then left uninfected (Con) or infected for 
15 min with P. aeruginosa PAOL-V (PAOL). Cell 
Iysates were separated on discontinuous sucrose 
gradients. Raft fractions were precipitated and 
subjected to immunoblot analysis with MVP- 
specific antibodies. (C) Scrambled or MVP-specifc 
SIRNA-treated WT-CFIR cells were incubated with 
the indicated P. aeruginosa stains, and the 
amount of bacterial internalization was deter- 
mined, The intemalization of P. aeruginosa by 
cells treated with MVP-specific siRNA is plotted as 
3 percentage of that obtained for scrambled 
SiRNA-treated cells. Error bars represent SEMs. 
P< 0.05, “P< 0.01 by a two-tailed ¢ test com- 
parison with internalization by scrambled siRNA- 
treated cells 
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Proteomic analysis of raft proteins recov- 
ered from control or MVP. siRNA-treated 
cells showed that MVP knockdown reduced 
the levels of other proteins recruited to the 
membrane microdomains after P- aeruginosa 
infection (table $2). The majority of the 
proteins reduced in infected, MVP siRNA 
treated cells are involved in raft formation or 
cell signaling processes, consistent with the 
conclusion that MVP is critical for formation 
Of stable membrane microdomains and/or raft 
reeruitment of cell signaling molecules afler P 
aeruginosa infection. Compared with ratts from 
P. aeruginasa-iniected contwol cells, rafts from 
P. aeruginosa-infected MVP knockdown cells 
had inereased levels of several myosin isoforms 
and tropomyosin 3 (table S3). 

‘To establish an in vivo role for MVP in host 
resistance 10 P aeruginosa, we infected WT and 
MVP” mice intranasally with ~1.5 = 107 P 
‘aeruginosa strain PAOL-V and removed the lines 
afler 6 hours to measure total and internalized 
bacteria, Similar experiments using transgenic 
(CF mice have shown that lack of CFTR results 
in decreased cellular internalization of bacteria 
and an inerease in total bacteria in the lungs 
(9), Six hours after infection, virtually no in- 
nate immune cells, such as polymorphonu- 
clear leukocytes or macrophages, were found 
to be asociated with bacteria in WT or MVP 
mice, but they were found associated with 
bacteria 24 hours post infection (fig. $4). Bacteria 
couk! be detected 6 hours post infection asso- 
ciated with epithelia cells expressing epidermal 
srowth factor receptor (fig. S4), which indicated 
that bacterial intemalization was primarily duc to 
Uptake by the epithelial cells. 

‘ompared with the level of bacteria intemal 
ized by epithelial cells in WT mice, lung epi- 
thelial cells in MVP" mice intematized 35% 
Jes of the total bacteria in their lungs (Fig. 3A). 


increase in bacterial burden in the lungs of 
MVP™ mice compared with WT mice (Fig. 3B), 
Which indicated a role for MVP in P aeneginosa 
ingestion and clearance from the lung. MVP loss 
resulted in increased mortality from P. aeregi- 
rnosa infection by a factor of almost 3 [Fig, 3 
hazard ratio =2.96, 95% confidence interval (C1) 
1.27 to 13.1; P= 0.018). Thus, MVP contributes 
toresistance against P aeruginosa lung infection: 
this conclusion is consistent with the findings that 
CFTR-dependent recruitment of MVP to rafts 
after P. aeruginosa infection facilitates optimal 
innate immune responses to this pathogen. 
Bacterial internalization by respiratory epi- 
thelial cells és an important initial step in clear- 
ance of P. aeruginasa (5, 8, 9) and numerous 
other microbes with a propensity 10 cause 
‘pneumonia (27-29), which indicates that uptake 
‘of bacteria by these cells enhances resistance 10 
infection. Akhough the lack of MVP could cause 
increased susceptibility to infection through other 
means, the fact that the MVP mice have no 
‘mal dendritic cell function (30) suggests that the 
izencral phagocytic cell response would be un- 
altered in these mice, and that differences in 
‘outcomes would likely stem from an inappr- 
priate epithelial cell response. We have identificd 
at role for MVP in the response to lung infection 
and have validated this phenotype in MVP 
mice. MVP, the predominant component of the 
‘Vault complex, has boen sugested be a sc 
fold protein in signaling pathways and to be in- 
volved in intracellular transport (/8, 19, 23, 24), 
and its recruitment to lipid rafts is likely required 
to facilitate incorporation into rafts of additional 
proteins essential for responses to infection: 
Alternatively, MVP may stabilize or internali 
{the components of bacterial-induced lipid rafts by 
Finking raft proteins to eytoskeletal elements such 
as tubulin oF actin (37) oF via raft-independnt 
effcets on innate immunity mediated by another 


This deficiency in uptake resulted in a 3.$-foki function of MVP, such as the regulation of extra 
A 8B c 
a0 1 ae 
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Fig. 3. In vivo role of MVP in bacterial internalization, clearance and resistance to lethality. (A) Six 
hours after intranasal inoculation with ~1.5 x 10” P. aeruginosa strain PAOI-V, WT and MVP~~ mice 
were killed (n = 9 WT, 12 MVP~"), and the lungs were removed and dissociated. The intemalized 
percentage of total bacteria found in the lung is plotted. Bars represent mean values. *P < 0.0001 by 
unpaired two-tailed ¢ test. (B) The lung suspensions from the same mice used in (A) were analyzed for 
total bacterial load. The number of bacteria per gram of lung is plotted. Error bars represent standard 


‘error of the mear 


*P < 0.01 by unpaired two-tailed t test. (C) Survival curves over 96 hours after 


‘intranasal inoculation with ~4 x 10* colony-forming units of P. aeruginosa strain PAOL-V (n = 17 WI, 


15 MVP“). Hazard ratio = 2.96, 95% CI 1.27 to 13.1; 
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cellular signal-regulated kinase (ERK) si 
ing (24), 

There is great interest in finding human 
genes with nucleotide polymorphisms that mod= 
ify inmate immune responses, including those 
involved in CF lung disease (7). Identification 
and association of MVP with the cellular re 
sponses to pathogens such as P aeruginosa sug- 
gts that investigation of sequence variations in 
the mp gene or possibly other genes encoding 
‘vault components could help to define additional 
wks for MVP-containing structures in innate 
immunity 


References and Notes 

1. M. Grassme eto, Science 290, 527 (2000). 

2 MLA Mabey eto, Science 282, 1494 (1998) 

3. Kerem, E Kerem, Eur, Hum, Genet. 4, 65 (996), 

© 6. Per, M. Geout,T.5, Za, }. 8 Goldberg, Am. J 
‘Respir Crit. Core Med, 184, $175 (1996. 

5. GB Pier eto, Science 273, 64 (1990, 

6 RC Bouche, Fur, Respir) 23, 186 (2008). 

7. MLL Drumm et ol, M.Eng. J. Med, 353, 1483 
(2008), 

8, G. 8 Pier, M Grout, 1.5, Zaid, Proc, Nat Ad. Sch 
USA 94, 12088 (1997, 

9. 1. Schroeder eto. mmunok. 166, 7430 (2001), 

10. TH. Schroeder et ol, Proc. Nat, Aco. Sc. USA. 
6907 2002) 

11 GL Gannon, MP. Kawaii, K 5. Stopak, G. 8. Pies, 
‘Am. |. Rept, Cll Mol Biok.29, 188 (2003), 

12, 0, Worach et ol, J. Clin Invest. 109, 317 (2002), 

1B. H Grane ef ol, Nat Med. 9, 322 (2003) 

14, MLP, Konlsi, G8. Per, Immunol. 172, 418 
(2008), 

15, Materials and methods are ailable as supporting 
‘material on Science Onin 

1b, GL Scheer eto, Mot. Mad. 2, 578 (1995) 


18, J. M. Chung, M.E, Ginn Pease, C. og, Concer Rs. 68, 
4108 (2005). 

19. Z Yuet ob). Biot Chem, 277, 40247 (2002) 

20. V.A Kidhoeer eto, Bi Chem. 273, 8971 
(998), 

21 E Steiner eto, Cll So 119, 459 (2006), 

22. C Wet ol, Concer Res. 65, S835 2008), 

23, Z lang eo, Bichem. Biophys, Res, Commun, 347, 
288 (2006, 

24, Sol, C1 Zt, MLM, Mosink, EA Wiemer, 
‘A.M Bennett. Bio Chem. 279, 29374 (2008), 

25. MH Mosk eto Concer Res. 62,7298 (2002), 

26, W. Reiger, JK iba, G. Pier, Inet Immun, 73, 
(6822 (2008). 

27. G. Cortes, . Alvarez, Saus,$. Abe, Infect Immun. 
79, 1075 (2002). 

26, HM Schrager, 5. Abe, C Gye, GJ. Dougherty, 
MLR Wessels J. Clin, vest. 201, 1708 (1998). 

29. LW, St Gere 3, § Falkow J Infect. Dis. 165, 
appl, $117 1992). 

30. MLK Msi et o, Immunology 210, 58 (2003), 

31. C Herrmann, € Gliaramnay,E,lnmar, L Rome, 
Wi. Valkrant, J Cel Bil 144, 1163 (1995). 

32. This work was funded by NIM grants ROL HL 58398-08 
(GBP) and R37 Hi 32854-22 (D.EG) and by the 
EC FPG RIBOREG Project (ISMG:CT-2003503022) from the 
faropean Commission (EACW), We thank A. Kah and G. 
Priebe for assitance wth mouse studies. 


‘Supporting Online Materiat 
sw ehencemag oglcontenful317/5834/130/0C1 


‘8 march 2007; accepted 5 jane 2007 
10:1126/xience 1142311 


yww.sciencemag.org 


Patent Search Software 

‘Matheo Patent searches, retrieves, and analyzes 
patent data {rom the U.S. Patent and Trade: 
‘mark Office and the European Patent Olfice’s 
Esp@cenet services, This software has a wide 
range of uses for patent searching and explo: 
ration, innovation detection, competitor and 
technology monitoring, patent survey, business 
evaluation, competitive intelligence, and more. 
{1 automatically retrieves patents based on 
request criteria, creates and updates the user's 
local database, incorporates a user classifica 
tion system, defines a personalized sorting 
method by defining specific fields, statistically 
analyzes the patents collected, manages patent 
families, generates graphic displays, creates 
personal reports, and more. Pulling informa: 
tion from the premier European and U.S. data 
base, the software keeps users up-to-date with 
automatic e-mail alerts of new pending and 
approved patents 

‘Matheo Software For information 

+433 (0)4 91.08 28 82 wi.matheo-sftware.com 


Drug Screening Products 

A new set of products for the preclinical drug 
development marketplace has been developed 
through a partnership between Millipore and 
CAR Biosciences. The products are antibodies 
that identify key enzymes and transcription fac 
tors important in drug metabolism and its requ- 
lation. The products include human cytochrome 
P450 CYP2D6, human cytochrome PASO 
CYP2A6, human cytochrome P450 reductase, 
hhuman pregnane X receptor, human constitutive 
androstane receptor, human farnesoid X recep: 
tor (27 to 143), and human farnesoid X receptor 
(822 to 472). This product platform enables safe 
drug compounds to be identified sooner. 
Millipore For information 

800-548-7853. oew.millipore.com 


wwwisciencemag.org 


Spectrophotometer 


Filter Sets for Fluorescent Proteins 
Fifteen new filter sets for fluorescent proteins 
include filter sets for Invitrogen’ Vivid colors, 
Clontech’s Living Colors, and MBL's Coral Hues. 
Because live cell experiments are typically light- 
starved, optimized filter sets must deliver high 
signal-to-noise ratio. These filter sets are manu: 
factured using proprietary technology that pro- 
duces steep slopes and accurate band place 
‘ment, for maximizing excitation and emission 
energy and for minimizing background. With the 
addition of these new sets, Omega now has opti: 
mized sets for a total of 35 proteins, including 
proteins from the reef coral Anthozoa and the jel- 
\yfish Aequoria victoria. 

‘Omega Optical For information 
802-254-2690 www omegatiters.com 


Embryonic Stem Cell Lines 

The MEL cell lines are licensed, low passage, 
human embryonic stem cells. Under license 
from the Australian National Health and 
Medical Research Council, the cell lines have 
been extensively tested with Millipore's HES: 
GRO media for human embryonic stem cell 
culture. They are provided at early passage 
for maximizing the stable lifespan of the cell 
line and ensuring extended research time in 
a stable, pluripotent state. They grow as welt: 
defined cotonies, with compact cells display: 
ing high nuclear to cytoplasmic ratios and 
prominent nucleoli. 

Millipore For information 

800-548-7853 waw-milipare.com 


Literature 

The Vector Laboratories 2007-2008 catalog 
contains several new products plus more than 
300 monoclonal and polyclonal primary anti 
bodies and probes. New products include the 
ImmPRESS Peroxidase Micropolymer Immuno- 


www.sciencemag.org/products 


The NanoDrop ND-8000 8-Sample Spectrophotometer features patented technology that 
allows samples as small as 1 ul to be measured without cuvettes or capillaries, The system can 
measure even highly concentrated samples without performing dilutions. The system can 
process a 96-well microplate in five minutes. Up to eight samples are loaded using an eight- 
channel pipettor. Each sample is assessed at two different path lengths to achieve an exten- 
sive dynamic range. Total sample-to-sample measurement cycle time is less than 30 seconds, 
including sample prep and loading, spectral reading, and wiping of the optical surfaces. The 
instrument is based on a unique cuvetteless technology that allows measurement of one 
microliter samples pipetted directly onto the fiber optic measurement surface, Once the upper 
surface contacts the sample, aliquid bridge forms and a spectral reading is taken. Cleaning 
simply requires wiping the sample off the pedestals with an ordinary lab wipe, 

NanoDrop Technologies For information 302-479-7707 www.nanodrop.com 


histochemical Anti-Goat Ig Staining kit. 
Designed for detection of goat immunoglobulin 
G primary antibodies, this reagent provides 
high sensitivity, low background, and short- 
ened staining times. The Antigen Unmasking 
Solution, high pH, is a TRIS-based formula 
hhighly effective at revealing antigens in forma: 
lin-fixed, paraffin-embedded tissue sections 
when used in combination with a high-temper: 
ature treatment procedure, Other new products 
include Animal-Free Blocker for blotting appli: 
cations, DNA Molecular Weight Markers, and 
Photoprobe Amine labeling reagent that incor 
porates primary amines into nucleic acids. The 
Resolve-It Kit contains two ligands, AT-Yellow 
and GC-Red, that allow the separation of DNA 
fragments that are identical in size but contain 
different sequences. 

Vector Laboratories For information 
{650-697-3600 weravectorlabs.com 


Lentivirus Transduction 

The ViraDuctin Lentivirus Transduction Kit is a 
hovel reagent system optimized to provide 
superior lentivirus transduction efficiencies in a 
variety of cell lines. Efficiencies are typically 
two-fold to sixfold higher than with transduc 
tions using Polybrene, according to the manu 
facturer. The user-friendly ViraDuctin System 
can be used with non-permissive cells, includ: 
ing primary cells and stem cells. 

Celt Biolabs For information 

858-625-0769 wan.cellbiolabs.com 


Neniy offered instrumentation, apparatus, and laboratory 
materials of interest to researchers in all disciplines in aca- 
eric, industria and government organizations are featured 
in this space. Emphasis is given 1 purpose, chie characteris 
tis, and availablity of products and materials. Endorsement by 
‘Science or AAS of any products or materials mentioned isnot 
‘implied. Additional information may be obtained from the 
smanuacure or split 
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PROFESSOR in RESIDENCE 
The University of California, San Francisco 
(UCSE) Cancer Research Insite in ecring for 
2 Prforie sent to wor o he reo the 
oath ft (TE) beta sera pth 
way fant Se Sgrens of cmcst nd elated discos. 
“The sucecsafl ondidat is especed to contibue to 
the undertanding of this atic pathway though 
nabs of genctic model sytem, cll biology, and 
tmolkcular characterization ofthe components of the 
pathway. Consent withthe focis ofthe Center on 
andatinal research, this esearch program is 
fected to imalve thenpeinic approaches bast on 
{hs putea. The succtl anda expected to 
beam active partopant in the Cell Cycling and Si 
naling Program wehin the Comprehenave Cancer 
{Conver and ill imeract with other basic and diss 
foncntated programs. Laboratory space will be pro- 
‘hledwatin the new Helen Diller Famay Cancer 
Rexarch Building r Misaon Bay. The appoinoment 
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accuse bolo Extensive eapericne with ests 
tshed recon of sill independent research, eae. 
ship, prosiutvy, and walepread publication tory 
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MEDICAL WRITER-RESPIRATORY, 

The Prescott Medical Communications Group 
(MCG), + marketing communications company 
Serving the pharmaccutil and bwotecnology indus. 
tes, has emmeaiate openings for Scenic Waiter 
Editors with eaperienes in respiratory research and 
therapecsCanaiates must poscas an advance 1o- 
medial science degree (MS, PhD. PharmD.,MD.) 
anda minimum of fve years of continuing medical 
falucation or agency (OF sila) experience: This fl: 
time inhouse poution wil require reading in the 
‘Chicago area and oseasonal domestic intestinal 
travel PMCG offers an unparalled apportanty foe 
[prefcsinal development ins ftp and ieee 
fully chlleaging emsironment. Messe send employ 
‘ment history and thee waiting sampks to: Jim 
Bachleda, Vice President of Operations, Prescott 
‘Medical Communications Group, 205 N. Michigan 
‘Avenue, Suite 3400, Chicago, 1 60601. Fax: 312- 
528-3901. E-muil bachledapeescottmed. 

SK BIO-PHARMACEUTICALS 

ELECTROPHYSIOLOGIST, puch clmping, 
x vivo and in vivo anise afery (Ph.D). 

anit with pharmaceutal industry experi 
cence desired. Quabiving candidates should forward 
‘ewume/cumculum te wath ser kite to: Human 
Roources SK Bio-Pharmaceuticas, 
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201-796-2278; emul: clee@ekbp.com. 


EDITOR-IN-CHIEF 
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STAFF BIOCHEMIST 
Perform electrophysiological studies to determine 
<ffects of novel digs on spinal cond neuron activity 
following inflammation or neuropathy, Evaluate anal 
‘ges actsty of novel drugs for inflammatory and 
fheuropathic pain. Design experiments, collect, ans- 
Iyzc, and summarize data, asing various math and 
Statistical software/program languages. Minimum 
requirements: M.S. in biology, chemical engineer 
ing, or biomedical engineering and two years of 
laboratory. experience performing. dlectrophysio- 
logical and behavioral studies with rodents. Job lo- 
«cation: West Pein, Pennsylvania. Carsiculum vitae to: 
J. Kennedy, Merck Research Laboratories, WP1-3, 
Pike, P.O. Box 4, West Point, 

PA 19486, Epa! Opporinty Employer. 
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Imagine touching the lives of millions of people everywhere. Imagine reaching beyond the ordinary and 
impacting something greater than the bottom line. Imagine influencing some of the most critical issues facing 
healthcare today. 


are Prizer Gi nary discovery and development division and the 
argest pharmace nin the world, We're not content waiting to witness 

evolution ¢ aking the drug discovery process to a new level of efficiency, 

ing on our jes with the goal of developing the most compelling story of 
scientific discoverie 
At Pfizer, we combine talented scientific mind: 1g edge technologies to pursue the discoveries that 
will revolutionize medicine and ery of it. We encourage cross-discipline cooperation, collaboration 
with academia, and an environm areas of significant medical need, our 
commitment to research and our deep pool of resources allow us to pursue a broad range of leads. 


(Our emphasis on innovation has brought to marke nd-breaking medicines, such as Lipitor 


Zithromax, Viracept, Zoloft, Viagra, a nedicine, Chantix. And, today, with a 


broad research pipeline that spans rr determined to bring even more cure 
marketplace using the technologies a t collection of co-crystal 
high throughput ADME data of any pi ‘ech ir rid. 
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Your talent can change the world. Join us and use technology to bring new hope and health to many. 


To learn more about our people, our products, and 
our plans for the future, visit www.pfizer.com/careers 


rand welcome applications 
founds and athnie. origins. 


Program Director in Gestational Diabetes and Obesity Research 


NIDDK © Health Scientist Administrator, GS-14 


‘The Division of Diabetes, Endocrinology and Metabolic Diseases (DDEMD), National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), 
National Institutes of Health (NIH) is expanding its programs in obesity and diabetes rescareh. An opportunity exists for a clinical scientist (0 join a 
dedicated and dynamic group of health scientist administrators to help guide NIH funding of research in diabetes and obesity, 


Acclinically-oriented seientist with expertise inthe areas of obesity and gestational diabetes is sought for this new position. This individual will be respon- 
sible for managing and developing a program of research grants in the human physiology’ of gestational diabetes, imprinting and obesity. A person with 
‘an interest in fostering basic and clinical partnerships is desirable 


This position involves close interaction with leading researchers, sciemtfic administration of grants and contracts, program planning and development, 
‘and the opportunity to organize and attend scientific meetings. The successful candidate will have independent research experience, with a track record 
Cf publications in areas of biomedical science relevant to the objectives of the program, excellent interpersonal and writicn communications skills, the 
ability to identify research priorities and opportunities, and the ability to track and analyze the success of initiatives and programs. In carrying out these 
responsibilities, the Program Director will interact with national leaders in diabetes, endocrine, obstetric, and obesity:tesearch. Many DDEMD research 
activities are conducted through partierships between the NIDDK and other components of NIH and DHHS, as well as voluntary organizations, The 
Program Director will play a leadership role in fostering these partnerships. 


‘This position is subject 10a background investigation. Applicants must be U.S, citizens, resident aliens. or nGnresident aliens with an employment-authorized 
visa, and have an advanced degree (M.D,, Ph.D. or equivalent) along with relevant independent clinical and/or basie research. The position is located in 
Bethesda, Maryland. Salary an benefits will be commensurate with the experience of the applicant. 


Position requirements and Getaifed application procedures are provided on Vacancy Annouiicement Numbers: NIDDK-07-193870-DE, and NIDDK-07- 
193871-MP, which can be oblained by accessing WWW.USAJOBS.GOV. Al applications must be received by 07/31/2007. For additional information 
contact Karen Page at (301) 496-4232. 


NIDDK @ 


HEALTH SCIENCE POLICY ANALYST 
(Iwo Positions Available) 


The National Institute of Diabetes and Digestive and Kidney Diseases 
(NIDDK) is sceking applications from individuals who are currently in 
post-doctoral positions in biomedical research laboratories, but who wish 


Ra Postdoctoral Position 


The Biomolecilar Structure Seetion (BSS) of the Macromo- 
lecular Crystallography Laboratory, National Cancer Institute at 
Frederick i inviting applications fora postdoctoral position, The 


to make a carver change from a laboratory setting. Particularly encour- 
aged to apply are individuals with post-doctoral experience in molecular 
biology, coupled with demonstrated writing and other communication 
skills, Incumbent will develop a wide range of documents that analyze 
and present the scientific accomplishments and plans of the NIDDK. 
to public policy makers, voluntary health organizations, and otlier lay 
audiences. Incumbent must thus be able to convey in understandable, 
scientifically accurate, and meaningful terms the contributions of bio- 
medical research to human health. Total salary is competitive and will 
be commensurate withthe experience of the selectee. 

Position requirements and detailed application procedures are provided 
jon Vacaney Announcement Numbers: NIDDK-07-197281-DE and 


1s must be received by 07/20/07. 
For additional information contact Karen Page, Human Resources 
Specialist at (301) 496-4232, 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS. 


appointment will be two years initially and renewable up to.a total 
‘of 3-5 years on the basis of performance and mutual agreement, 
(Qualified applicants should have experience in macromolecular 
crystallography and skills in either insect cell protein expression 
or structure-based drug design. Successful candidate will partici- 
pate in the structure/activity studies of RNA-processing proteins 
‘or structure-based development of anticancer and antimicrobial 
jagents. Additional information about research activities in the 
BSS can be found at: http://mel Lnciferf.gov/ji.html. We provide 
excellent work environment, state-of-the-art facilities and regular 
access to synchrotron light source; we offer competitive salary 
‘and comprehensive health insurance. DHHS and NIH are Equal 
Opportunity Employers. Please send CV, research summary, 
and contact information of three references to Dr. Xinhua Ji at: 
ix @ncifert.gov. 


HEALTH SCIENT 


‘T ADMINISTRATORS 


‘The National Center for Complementary and Alternative Medicine (NCCAM), a component of the National Institutes of Health 


(NIH) in the Department of Health and Human Services (DHE 
Health Scientist Administrators (HSAs) i 


strategic vision for complementary and altemative medicine researc! 


), is seeking applications from exceptional scientists to serve as 
its Division of Extramural Research and Training. As an HSA, you will develop a 


implement plans to achieve that vision; provide stewardship 


of awarded grants and contracts; and serve as a scientific expert within your field, 


Qualifications: The successful individuals will possess a Ph.D., M.D.,or equivalent degree and a record of 
ce, molecular biology, biochemistry, ch 
candidates are also expected to demonstrate strategic vision; excellent communication skil 


n the areas of neurose! 


ina team, 


ich accomplishment 
istry, pharmacology, and/or clinical research; the successful 
nd the ability to work collaboratively 


Salary: The current salary range is $79,397.00 - $121,967.00, depending on experience and accomplishments; a full Civil Service 
package of benefits (including retirement, health, life and long-term care insurance, Thrift Savings Plan participation, etc.) is avail- 
able, Recruitment incentive miy be awarded and relocation expenses may be pai 


How To Apph 
198702-CR-DE, which can be found at http://necam, 


Position requirements and detailed application procedures are provided in vaca 
h.gov. Ail applications and supplemental information must be received 


ncements NCCAM-07- 


no later than Friday, August 10, 2007, For additional information, contact Ms. Kathy Delauter at 301-594-2283 or delauterk@ 


mail.nih.gov. 


Staff Scientist 
Laboratory of Infectious Diseases 
Respiratory Viruses Section 


‘The National Institue of Allergy and Infectious Diseases, a major rescarch 
component of the NIH and the Department of Health and Human Services, is 
recruiting a Staff Scientist, The position will be available in the Respiratory 
Viruses Section of the Laboratory of Infectious Diseases. and scientists with a 
IM.D. or Ph.D. ate eligible. The research activity involves(1) the development 
of live attenuated lavivirus vaccine candidates and theit evaluation in rodents 
and non-human primates as well asin the clinical trials in humans; (2) the use 
lof novel approaches for construction of chimeric viruses to examine basie 
questions of viral pathogenesis and the molecular basis of attenuation of highly 
eurovirulent flaiviruses; (3) the evaluation of the immunologic determinants 
of resistance to infection and illness caused by these faviviruses. This all-time 
research position offers a unique opportunity to work on investigation that range 
from basic molecular biology to applied vaccinology. Staff Scientist applicants 
should have atleast six years of laboratory work experience in molecular virol- 
ogy and immunology; the salary range is $74,503 - $162,371. Preference will 
be given to candidates who have experience working with neurotropic viruses 
Applicants should submit their curriculum vitae, aleter of research interests, 
and names and addresses of three references to: 


‘Alexander Pletney, NIH/NIAID/LID, 33 North Drive, Room 3W10A, 
Bethesda, MD 20892-3203, FAN: (301) 496-0501, email: apletnev@ niaid. | 
nih.gov. Review of applicants will begin on September 1, 2007 and continue 
until a successful candidate is identified. 


Staff Scientist 
Laboratory of Infectious Diseases 
Respiratory Viruses Section 


v 


‘The National Institue of Allergy and Infectious Diseases, a major research 
‘component of the NIH and the Department of Health and Human Services, is 
recruiting a Staff Scientist. The position will be available in the Respiratory 


‘Viruses Section ofthe Laboratory of Infectious Diseases and scientists witha 
MD. D.VM. or Ph.D. ar€ cligible. The research activity involves (1) examina 
tion ofthe pathogenesis of pandemic and potential pandemic strains of influenza 
and theirevaluation in vitro and in experimental animals including the 1918 
influenza; (2) influenza viral genomics, and examination of viral evolution 
in fitness and host adaptation; and (3) the development of influenza clinical 
trials in humans. This fll-time research postion offers a unigue opportunity 
16 Work on investigations that range fom basic molecular biology to clinical 
research. Staff Scientist applicants should have atleast six years of laboratory 
‘work experience in molecular and classical virology research; the salary range 
{is $74,503 -$162,371. Preference willbe given to candidates who have experi- 
cence working with influenza viruses especially those with BSL3 experience, 
Applicants should submit their curriculum vita, a leter of research interests, 
and names and addresses of thee references to: 


Jeffery K. Taubenberger, MD, PhD, Attn: A. LeCointe, NIH/NIAID/LID, 
Bidg 33/Room 3W02B, MSC 3203, 33 North Drive, Bethesda, MD 20892- 
3203, FAN: (301) 480-4509, email: ecointe@ niaid.nih.gov 


Review of applicants will begin on July 2,2007 and continue until a successful 
candidate is identified. 


ience Careers 


NANYANG 


TECHNOLOGICAL 


‘Singapore's science and technology university, the Nanyar 
and exceptional scholars in their helds of science, 


‘Nanyang Assistant Professors. Up to 10 appointments will be made. 


Successful candidates will receive start-up research grants of up to S$1 million and an attractive remuneration of up to 
yy leadroles in the university's new wave of 
10 years of gaining their Ph.D. and ready for 


S$160,000 @ year. They will hold tenure-track appointments and 
‘multi-disciplinary, integrative research. They are expected to be wi 
Independent leadership of their own research groups. 


Qutstanding applicants may algo hold one of the prestigious Singapore National Research Foundation Fellowships in 


Science and Technology at the Nanyang Technological University. 


Singapore is developing a dynamic and well-funded research environment to nurture and attract top R&D talent and has 


Set aside S$5 billion over 5 years to develop RD. In tandem, Nanyang Te 
research investments, emphasizing cutting-edge scentiie research and revol 
‘multiple disciplines, 


‘This is a unique opportunity to join one of the fastest-growing research universities and participate in the rapid rise of Asia, 


between India and China, between East and West. 
‘To apply, please email to nanyangprofessorship@ntu.edu.sg 


Please browse the following for more information: 
Nanyang Assistant Professorship: www.ntu.edu.s9/publicportal/nanyangprof.htm. 


National Research Foundation Research Fellowship https://rita.nrf.gov.sg/ 
Closing date: 4 September 2007 


ea Singapore 
anyang Assistant Professorships 


‘Technological University, invites outstanding researchers 
jineering, business or humanities, to apply for appointments as 


| University Is making unprecedented 
Fy technological innovations across 


U.S. Department of Energy 
Office of Science 
Deputy for Programs 
Announcement #SES-SC-HQ-013 (kd) 


The U.S, Department of Energy's (DOE) Office of Science is seeking highly qualified candidates 
with outstanding scientific achievements to fill the Deputy for Programs position, The Office of 
Science isthe single largest supporter of basic research in the physical sciences inthe United States, 
with a 2007 budget of $3.8 billion. It oversees the Nation's research programs in high-energy and 
ic and Fusion energy sciences, and biological, environmental and computational 
¢ of Science is the Federal Government's langest single funder of materials 
c and vital parts of U'S, research in climate change, 
education, The Office of Science aso manages 10 
‘World-class laboratories and oversees the construction and operation of some of the Nation's most 
advanced RAD user facilites, located at national laboratories and universities. These include particle 
and nuclear physics accelerators, synchrotron light sources, nanoscale science research centers, 
neutron scattering facilities, bio-cnergy esearch centers, supercomputersand high-speed computer 
networks, More information on the Office of Science can be found at http:/sclence-doe.gov 


ees, and sce 


‘The Deputy for Programs provides scientific and management oversight ofthe six program offices 
by ensuring program activities are strategically conceived and executed: formulating and defend- 
ing the Office of Science budget request; establishing policies, plans, and procedures related to 
the management of the program offices; ensuring the research portfolio is integrated across the 
program offices with other DOE program offices and other Federal agencies; and representing the 
‘organization and make commitments for the Department in discussions and meetings with high-level 
{government and private sector officals. The position is within the ranks of the U.S. government's 
Senior Executive Service (SES); members of the SES serve in key positions just below the top 
Presidential appointees, 


To apply for this position, please see the announcement and application instructions at http:// 
jobscarch.usajobs.opm.gov/ses.asp under the vacancy announcement of #SES-SC-HQ-013 (kd), 
‘Qualified candidates are asked to submit their online applications by August 29, 2007, 
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DIRECTOR 
DIVISION OF APPLIED 
PHARMACOLOGY RESEARCH 
Join us atthe frontier of knowledge 

‘ood and Drug Administration's Center 
for Drug Evaluation and Research (CDER), 
fice of Pharmaceutical Science (OPS), Office 
‘of Testingand Research (OTR) isrecruitng fora 
Director ots Division of Applied Pharmacol 
‘ogy Research atthe FDA's Rescarch Laboratory 
in White Oak, Maryland, 


Basic Qualifications: A doctoral level degree 
(MD,, Ph.D., D'S. et.) doctoral level knowl 
‘edge of pharmacolo y, biomedical 
‘engineering, clinical pharmacology or closely 
related fields; and extensive knowledge in 
‘one oF more of the following: pharmacology, 
physiology, pharmacodynamics, biopharma- 
‘ceutis, toxicology andor pharmacokinetics, 
With a strong record of pect-reviewed original 
research, 


Applicants should have managerial experince 
that demonstrates strong executive leadership 
‘and the ability to: directa research laboratory 
‘communicate and effectively interact with 
high level national and foreign government 
‘officials, scientific and academic communi 
ties, medical and health related organizations, 
regulated industry, and othees. It fs desirable 
plicants have a practical knowledge 
nacogenomics, proteomics, and meta 
bhanomics relevant to drug therapy and safety 
and knowledge of the FDA laws and regulations 
related to human drugs and pharmacology 


Duties: The Director is the Office/Cemter’s 
principal advisor for planning and conductin 
Taboratory research in pharmacology, woxicobogy 
fr closely related fields; and he/she maintains 
an active escarch program and directs research 
scientists engaged in pharmacologic research 
designed Wo ensure drug safety and efficacy 
The incumbent participates fully in policy 
planning, and oversight of pharmacology labo: 
Fatory research activities to insure compliance 
with FDA Critical Path Initiative and that Center 
cisions are based on current pharmacology 
toxicology science 


Salary: This position may be filed as either 
Senior Biomedical Research Sve (S110, 
$186,600) Title 42 (Salary negotiable-Title 42 
is not capped at $136,600) of Commissioned 
Comps Officer 


lef resume indicating that you 
are applying for the SBRS position of Direc 
tor, Division of Applied Research (D/DAPR), 
Office of Testing and Research (OTR), Office 
‘Science (OPS), Center f 


ISTRATION, Cent 
Research, OMice of 
10903 New Hampsl 
Silver Spring, Mar 
dim Keady, Project Manager. For more 
nonthis postion contact Jim Keady 


796-9733 (lax) or Dr John M. 
fdaJuhs.gov on 301- 
796-0121 (phone), 301-796-9818 (fax). 


FDA ISAN EQUAL OPPORTUNITY 
EMPLOYER WITH A SMOKE FREE 
ENVIRONMENT. 


SIEBELS CONTRIBUTE $100 MILLION TO 
UNIVERSITY OF ILLINOIS _ 


DEAR TOM AND STACEY: 


We could not be more proud to claim you as 
members of our Illinois family. Just as you credit 
the University of Illinois with changing your life, 
your gift will change the lives of countless future 
generations of students and faculty 


Your generosity has a truly profound impact. 
Our Siebel Center for Computer Science at 
Illinois bears your name, And we have watched 
with pride as the Thomas and Stacey 
Foundation has dared to engage society on 
vital issues that range from stem cell research 
to methamphetamine abuse. 


Achieving the level of success you have is admirable 
in and of itself, but then to share that success with 
others for the public good is indeed noble. Tom 
and Stacey, thank you for allowing all of us to 
benefit from your brilliant achievements and from 
your inspirational generosity. 


With gratitude, 
Richard Herman, 


incellor 


University of Minis at Urbana-Champaign 
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UNIVERSITY OF ILLINOIS 
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Argonne 


NATIONAL 
LABORATORY 


The X-ray Science Division at Argonne National 
Laboratory invites applications for staff positions 
within X-ray Operations and Research. We are 
seeking candidates in all experimental x-ray areas, 
with particular emphasis on inelastic x-ray 
scattering, magnetism, small-angle x-ray scattering, 
surface scattering, and x-ray imaging. Positions are 
entry level to senior appointments. 


Candidates should have a strong background in 
synchrotron radiation research; considerable skill in 
developing instrumentation (such as x-ray optics 
and detectors) and in state-of-the-art techniques; 
considerable skill in designing and implementing 
x-ray optics; considerable skill in understanding 
abstract concepts, experience in hardware and 
software for computer control/data collection 
systems and high heat load x-ray optics is 
beneficial 


The Advanced Photon Source at Argonne provides 
a stimulating intellectual environment, and offers the 
successful candidates many opportunities to 
interact with world-class facilities and researchers. 


Successful candidates will have a Ph.O. 
postdoctoral experience and a demonstrated ability 
to conduct high-quality independent research in the 
field. 


Argonne is a U.S. Department of Energy laboratory 
managed by UChicago Argonne, LLC. Argonne’s 
site is approximately 25 miles southwest of Chicago 
on a beautiful 1500-acre campus-like environment. 
Interested candidates should send a detailed CV 
by August 24, 2007, along with a list of 
publications, and the names and addresses of three 
references through the Argonne website at 
jovijobs job search for the 


XSD 311367 (Assistant Physicist) 
XSD 311262 (Physicist) 
XSD 311364 (Physicist) 


For additional technical information, please contact 
Dr. George Srajer at XSDpositions @aps.anl.gov. 


‘Argonne is an equal opportunity employer, 
‘and we value diversity in our workloree. 


PROFESSOR POSITION 


Department of Environmental 
and Occupational Health 


Graduate Schoo! Public Health 
University of Pittsburgh 
The University of Pittsburgh is holding a search fora non-tenure faculty 
inthe area of environmental oncology’environmental genomics. The fe 
ulty positon iat the professor level. Successful candidates will have an 
‘oustanding record of research in genomic environmental oncology and 
a strong interest to help translate these discoveries to preventive public 
health strategies. The faculty would be expected interact withthe estab- 
lished groups within the Department of Environmental and Occupational 
Health, Graduate School of Public Health as well as within The Center for 
Environmental Oncology atthe University of Pitsburgh Cancer Institute 
focused on molecular carcinogenesis, toxicogenomics and DNA repair 
The candidate is expected to have an established research program and 
proven ability to develop and manage interdisciplinary research projects 
We seek a candidate with vision, passion and enengy, who can move our 
umental oncology genomics program into greater prominence 

and forthcoming funding opportunities at national and inter- 
the candidate will be expected to teach 

ntal gsnomnics at PhD, MS/MPH levels 
Applications will be received until position is filled, Interested appti- 
‘ants should send letter of intent, a detailed curiculum vitae, a 1-2 pag 
description of rexcarch and teaching objectives, and contact information 

for tree references: 
ronmental Oncology/Genomles 
ronmental and Occupational Health 
Bridgeside Pointe 
100 Technology Drive, Rm 3284 
Pittsburgh PA1S219 
recruitment(a.coh.pitteda 
The University of Pittsburgh is an Affirmative Action, 
Equal Oppornmnity Emplover 


Tenure Track Position in 
Pediatric Cardiovascular 


‘pot oto ngntcan hancement bo sence ond Yorotnal serch 
progon, Wel Cel Medical Calage i urdetakig a moor progam inven 
bbe 2000 Radic Cosbovasur Reseach The Department of Pediatrics is 
‘seeking @ tenure trock focuty investigator to estoblish a research 
‘rogram in carievasculr biology or related themes of investigation, 
induding engiogenesis, developmental biology or cll biology. Ws 0° 
eotoaly eles candidate wh exablihed reveach pars who willbe 
eteote 1ershcaly wh Cone! Unvestyresarchen one New Yo 
Gye ond hoca/Comel vent composes, Condes intemeditelee 
parton hail denorstok he portal fo esabising 0 vigor indeperdert 
resexch pogan, ond conde fo err poston sald hove» osstndng 
rmcard of produciy Condes may howe PhD, MD, er MOARD, degrees 
Fomary opporener cee tact uty spr ct is eae wil be he 
DeprtnesfPeitic. 

fected leat wil ace support tom on endownert Cordes nay 
partopte in he Wil Corel Grate Schoo of Medal Sciences. odio, 
cords may partcipoe fe Ttionl MDFHO Program which dio elds 
‘acly fom The Rockler Usventy. Aplcatns shel ice a crc vie, 
Sbienert of seach nteess ard tee letes ol recommendation. Appcaors 
shoud beset: 


FAX: 212-7468261 
‘Weill Cornell Medical College 
1300 York Avenue, New York, NY 10021 


rnelLeduliobs 


Director/Chair 
Center for Stem Cell Research and 
Regenerative Medicine 
and 
Department of Molecular Biology and 
Genetics 


INY Downstate Medical Cemter seeks an 
individual with exceptional scientific eredentials 
snd leadership skills to head its newly founded 
Center for Stem Cell Research and Regenerative 
Medicine (CSCRRM). Downstate has recently 
completed a comprehensive strategic plan. A 
‘major priority ofthe strategic plan isto develop 


the CSCRRM and to expand the Department of 
Molecular Biology and Genetics. The Directo 

Chait is expected to take a leadership role in 
building the research capacity and external fin 
ing of both enterprises, The CSCRRM will be 
housed in a recently completed state-of-the-art 
laboratory building. An attractive recruitment 
package that includes fiscal resources for devel- 
‘opment of the CSCRRM and multiple faculty 
positions is available 


Applications ineluding a curriculum vitae, and 
‘nominations may be submitted for confidential 
review by the search committee to: Roger 
Cracco, MD, Chair, Search Committee, 
SUNY Downstate Medical Center, 480 
Clarkson Ave, Box 97, Brooklyn, NY 112% 
E-mull: roger.eracco(downstate.edu; Tel: 
(718)-270-1385; Fax: (718)-270-3103, 
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Breaxrumoucn MEDICINE 


THE HENRY SAMUELI 
SCHOOL OF ENGINEERING 


DEAN, THE HENRY SAMUEL! SCHOOL OF ENGINEERING 


The University of California, Irvine invites applications and nominations forthe position 
of Dean, The Henry Samucli School of Engineering. The university socks an indepe 
dent thinker with skillsto navigate within a complex/mult-constituent organization, and 
who is decisive while fair, and strategically focused. The successful applicant will have 
a keen intellectual capacity and creativity, be an open and persuasive communicator 
and problem solver who leads from values, and be a candidate with enengy and visi 
to head and continue the mission of the school. Key selection eriteria will include: 


+ Recognized leader in the latest intellectual advances in engineering 

+ Dedicated to establishing a culture that promotes the growth and recruitment 

f world-class faculty 

+ Proven experience in faculty leadership, academic process, team building, and 
advancing diversity 

+ Demonstrated ability to work effectively with the community and other constitu= 
‘ents in resource development, fund raising, and advancement of the School 

+ Established success as an administrator, including staff development, facility 

al leadership, 


i School of Engineering is one of ten schools at the University of 
California, Irvine. The School has more than 100 full-time faculty, and an enrollment of 
approximately 2,200 undergraduate and 650 graduate students, The School repres 
premier center for education and research with five depart 

‘Chemical Engineering and Materials Science, C 
ing, Electrical Engincering and Computer Sciene 
Engineering. With the opportunity and expectation for expansion in faculty, programs, 


Celeb wation, the University of California, Irvine isa top-ranked 
public universit ied to teaching, scholarship and community service, Founded 
in 1965, UCT is among th owing campuses in the University of California 


system, with more than 25,000 students, 1,400 faculty members and 8,300 staff, The 
second-largest employer in dynamic Orange County, the region with the highest rate 
of economic growth in the State and the location to a burgeoning number of high-tech 
and medical device companies, UCI contributes an annual economic impact estimated 
at $3.3 billion, It is located on a 1,500 ¢ Pacific Ocean, 


re site three miles from 1 


The sucessful candidate will join a dy ity at UCI, and provide leader- 
ship in advancing the diversity of the school's faculty, staff, students and programs. 
UCL is designated to grow substantially over the next decade and is currently engaged 
Anticipation of a major capital campaign. As the leader of the 
‘Schoo! at this pivotal moment, the dean will work with the faculty to build on current 
strengths, to foster creativity and innovation, and to help secure the resources that 
will move the school forward. In addition, the dean will collaborate with fuculty and 

tors across the campus to expand the School's support of interdiseiplinary 
nd education. 


Review of applications will begin on August 1. 
until filled. Paper and electronic applications may be s 


1007 and the position will remain open 
to the address below 


‘The Henry Samueli School of Engineering Dean Search Committee 
ClO JiWon Kim, jiwona uciedu 
09 Aldrich Hall 
University of California, Irvine 
Irvine, CA 92697-1000 
OR email: engrsreh@ ueiedu 


UCT is an Equal Opportunity Employer committed 0 excellence through diversity 

and strongly encourages applications from all qualified applicants, including women 

«and minorities. UCI is responsive to the needs of dual career couples, is dedicated 10 

work-life balance through an array of family-friendly policies, and is the recipient of 
an NSF ADVANCE Awand for gender equity: 


The NYU School of Medicine announces its search for the C 
of Pediatrics. The Dean and faculty consider this, 


collaboration with the other schools and colleges of New York University 


CHAIR, DEPARTMENT OF PEDIATRICS 
NYU School of Medicine & its Affiliated Academic Medical Centers 


The Chair of the department has responsibility for both the research and clinical 


activities of a ta 


biomedical corridor 


have demonstrated leadership experience in a lange academic medical cen 


a distinguished record of clinical, research and 


Applications and nominations with accompanying © 


ae 


air of the Department 
exceptional opportunity to lead 
nent academic department in the City of New York and in close 


faculty that works in several institutions along 
A successfull candidate will have an M.D, degree and will 


aching responsibilities, 


riculum vitae should be 


250 NEW TENURED RESEARCH 
POSITIONS AT CSIC 


The Spanish National Research 
Council (CSIC) offers 250 new 
permanent Tenured Scientist 
positions distributed in its 116 
research institutes throughout Spain. 
Position profiles encompass a wide 
range of research areas that goe: 
from life and material sciences t 
human and social sciences. The 
opening of these new positions is 
part of the strategic planning of the 
institution which is contained in its 
Plan of Action 2006-2009. Highly 
qualified European researchers are 
encouraged to apply. Deadline for 


our unique 


ec with 


sent electronically for confidential review by the search committee to: Joan F applications: July 13th 2007. General 
Ehrlich, J... Assistant Dean for Faculty and Academic Affairs, requirements as well as details on 
Jour Ehilich@peeyuinne’org. the selection process can be found 


affirmative action employer and provides a drug free workplace. 


www.nyume.org 


NYU School of Medicine was founded in 1841 and is an equal opportunity 


at http:/Wwww.esic.es/index.do?len 
gua=en 


Next call will be opened in 
May-June 2008. 


The ALS ofers a unique opportunity at this wot 
reroamed facility. The User Sences Group Leader 
ts responsible for wer services, experiment setup 
coordination, and communications in support of 
an outstanding ime facility with an excellent ser 
progam and hig evel of sietifcproductity. May 
aso condi search in cellaboration with ALS users. 


The Group Leaders a menber of the Stategi 
Manageert eam which directs the stati cient 
course ofthe ALS and helps determin the ALS long 
‘ange running schedule. Becanie a commitment to 
safe and riale operation atthe ALS is critical the 
incinbent wil asst in formulating aed implenenting 
ny ALS wer safety plc. 


To be successful the Group Leader will have 2 Ph.D. 
degee or equvalent in the physical or biscien 
with extensive experience in applications 
syndoteon radiation science. Must aio have 
substantial leadership in planing, development. and 
rmanagenert ofa scientific wer program. 


od Light 
(ALS) 
LBNL i 


facility th Please see job details and apply at 
Itp/ fobs bt gor. lick Sear” and enter 20718 
‘he serch Feld. Submit a single attachment indoding 
your CV and a statement of qualifications. Reference 
“Wewspaper/Joumat and “Science Magazine” ANEED 
employer committed tothe development of 2 divese 
workforce, wnebLgov 


hutp//e wast 


ERSITY Of York 


DEPARTMENT OF BIOLOGY 
Lecturer or 
Senior Lecturer 


Ecophysiology /Global Change Biology 


(Ref DAO7258) 


(Ret DAIS») 


We invite applications for a Lectureship or Senior Lectureship in 
Ecophysiology related to Global Change Biology. You should have a 
proven track record of high quality experimental, analytical and/or 
‘modelling approaches to global change research, Areas of particular 
interest responses to atmospheric CO: concentrations and 4 
climate change, but applications in any area of physiological/ ecosystem 
responses to global change are encouraged 
Salary will be within the range of £31,840 to £39,160 pa (Lectureship 
DA? 258) or £40,335 to £46,758 pa (Senior Lectureship=DAO7299), 
Pay award pens 
The expected start date is January 2008. Applicants with existing research 
fellowships are encouraged to apply 

enquiries should be directed to Professor Chris Thomas 

uk), Dr Angela Hodge (01904 328562, 


For further partuiculars and details of how 


apply, please see our 
website: httphwww.yor inipersnl/jobs! or write to the 
Personnel Office, University of York, Heslington, York YO10 SDD, 
quoting the appropriate reference number 

(Closing date: noon 27th July 2007. 

The University of York is committed to 
developmental programmes i 


foersity and has policies and 


www.york.ac.uk 


Syngene 
bss 'A Biocon company 


Seeking scientists with the following expertise: 
Medicinal & Process Chemisty 

‘Aralstical Chemistry 

Chemical Library Synthesis 

Chemical Engineering 

Process Safety Evaluation 

Protein Production & Purification 

In vito Bioassay Screening/n vio Biology 

‘rug Metabotsen & Pharmacokinetics 

Metaboite Buidation 

Bioanalytical Chemistry & Blopharmaceutcs 

In vivo Animal Pharmacology 

Laboratory Animal Science, Medicine & Technology 


Senior Selentiat 
‘Associate Scientific Manager 

Sclentfic Manager 

Senior Scienttic Manager 

Group Leader 

Laboratory AnimalWeterinary Technician 
Laboratory Animal Veterinarian 


SYNGENE INTERNATIONAL LTD. is working with major global 
pharmaceutical company BRISTOL-MYERS SQUIBB to establish 


anew research facility in Bangalore, India. 


SYNGENE has plans to hire more than 400 highly motivated and 
talen' ntribute to BRISTOL-MYERS SQUIBB'S 


drug dis rly drug development progr 


SYNGENE provides a highly stimulating work 
with a high level of professional and intellectual ch: 


vironment coupled 


SYNGENE offers competitive compensation and benefits 


including stock options. Apply online at: www.biocon.com 


Bristol-Myers Squibb 


The Pew L 
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ean in the United Se Pee 3411) 5238-790 Es 


avcf July 1, 2008, Applicanes who received thee deme fom schonls ouside cf Latin America, wil nx be 
‘cepted. Applicants may not have ad previous pox-octoral taining outside of Latin America, oc eay they have 
Appian te mt eine to have a came 


beggin a post-doctoral psc nthe US. pir to Jy 1, 2007 


ofa pnt and bursary space afer the felowship, However, pplicanes mat subenic a writen sateen of 
inert mrcurn to Lin America Fellows mast ace 3 postion ae! have confer ibveatry spaces Lin 


America by che end of che llosbip period inorder to obi che $35,000 portion of award 


Fellows will be select on the bass of thie promise as ousandng investigators 2 well a the scientific metic of 
their esearch peponl, hie cord of raining ane how well thi inert coined withthe huey of thet 


syonor inthe United States, If penal applicants nerd astance wich de desiicanon of an appropiate 


The application deadlines Oceber 1, 2007. Winners wil be noted in April 2008 and the Slows shold 


tein no liter ehan Auge 2008, 


APPLICATION DEADLINE IS OCTOBER 1, 2007. 
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VY WescViginia University 


Associate Director for Basic Research 


‘The Mary Babb Randolph Cancer Center (MBRCC) secks an outstanding cancer research scientist to 
Jead our basie research programs. The sucecssful candidate must bea PhD or MD/PhD level scientist; 
have a funded track record in basic cancer research and a commitment to developing translational 
research programs and maintaining an excellent graduate education program in Cancer Cell Bicl- 
‘ogy. We are particulary interested in researchers whose programs focus on tumor microenvironment, 
although we welcome applications from researchers who have evident strengths in signal transduction 
‘or molecular therapeutics research areas. 


‘The MBRCC is the only Cancer Center in the State of West Virginia that incorporates patient care, 
Dtient research, basic research and population science into its mission. The MBRCC has a focus on 
patient populations in WV and Appalachia, where there are significant patient populations with Lung, 
Breast, Gl and prostate cancer, and there exit health disparities in Lung. Head & Neck, Ovarian, Cer~ 
Vical cancer, as well as breast cancer mortality. Basic research strengths of the program include signal 
transduction and tumor microenvironment, with emerging programs in Lung (focus on nanotechnology) 
and developmental therapeutics. 
This is an exciting time to join the MBRCC, which is currently undergoing a $21 million expansion 
‘that will nearly double clini space and promote the development of a Phase VI clinical trials program, 
‘anew research building that will increase laboratory space and a significant investment in technology 
and core facilities, and is launching a major faculty recruitment campaign. The cancer research program 
is fully integrated into the institutional strategic research plan with the expansion of the WVU Health 
Sciences Center campus and recruitment of rescarch und clinical faculty. The cancer center is poised 
for tremendous growth over the next years, 
Morgantown consistently ranks as one of the Best Small Cities in America, is located just one hour 
‘south from Pitsburgh, Pa and three hours from Washington, DC and Bakimore, MD. Itoffersculturally 
divers, large-city amenitics in a safe, family setting. 
The position will remain open until filed. A start-up package, salary and benefits will be commmensu- 
ment tothe MBRCC and an appropriate academic department. 
‘ n vitae and 
three references to: Daniel C. Flynn, PhD, Deputy Director, MBRCC, clo Donna Tamasco, West 
Virginia University, Mary Babb Randolph Cancer Center, P.O, Box 9300, Morgantown, WV 
26506; Email: dtamascog hsc.wvu.edu; Phone: (304) 293-0781, 


Wiest Virginia University is an AA/EO Employer: 


Senior Vice President and Vice Provost for Research 


versity of New York (SUNY) and The Research Foundation of SUNY (RF) are 
vost for Rescarch to serve as a senior member of the 
dation, located in Albany, New York. This isa newly created position 
that will provide leadership, vision and strategy for the administration of research arid sponsored 
[programs across the State University supported by the Research Foundation and a close linkage 
‘betwen the Rescarch Foundation and the core academic mission of the University. In 2006, the 
Research Foundation managed more than 10,200 campus-based research projects, employing over 
00 faculty and staff with total funding of over $895 million. They are ranked ninth in research, 
expenditures among 208 institutions in the US. Europe and Canad. This individual will be tasked 
toserve as a member of the senior administrative team of the Office of the University Provost and, 
hholding the designation as Vice Provost, will be respsonsible for making decisions and reco 
‘mendations affecting the academic and research strength of SUNY campuses. The individual will 
bbe the primary research liaison to the university research centers. The University is in the process 
of doing major “cluster hiring” as part of the Empire Innovation Program, and a major task for 
the Vice Provost will be to monitor and enable the successful implementation of this program. In 
addition, the candidate, as Vice Provost, will work closely with campus administrators to recruit 
and retain strong graduate students in order to enable the SUNY system both to meet its overall 
research goals and to recruit and retain the strongest research faculty on the individual campuses. 


The State 


‘The successful candidate will have at least 10 years of progressively more complex leadersh 
experience in academic rescarch management, strategy and policy development or related acti 
‘The ideal candidate will have the ability to partner with peers and other business leaders to build 
‘consensus and implement postive change. Must have successful experience interacting witha broad 
array of constituents; ability t 
the ability to foster an envi g skills. I is expected thatthe 
successful candidate will have an eamed Doctorate or equivalent degree and have had experience 
‘asa faculty member in a research university setting. The individual should have held the pasition 
of full professor with teaching and research accomplishments, 


‘Spencer Stuart has been retained to assist the Research Foundation atthe State University of New 
‘York with this most important recruitment. Spencer Stuart and the Search Committee respect the 
importance of maintaining confidentiality. Letters of application, with curriculum vitae, and letters 
‘of nominations should be submited by email (preferred) to: dwestmore(@spencerstuart.com. Or 
bby mail to: Charles M. Falcone, MD, MBA, Spencer Stuart, 401 N. Michigan Ave., Ste. 3400, 
Chicago, IL 60611. 
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fit University OF lowa 
FACULTY POSITIONS AVAILABLE 
Presidential Biological Scholar Program 
The Carver College of Medicine and the College of Liberal Ans and 
Sciences atthe University of lowa are secking new investigators of 
‘outstanding promise inthe basic biological and clinical sciences. Up to 
four eary-carcer investigators will be named as Presidential Biological 
Scholars athe rack of assist professor in the temare rack. The award 
‘ll provide significant fimncal esearch suppor fora period of fur years. 
‘Funding for salary and appropriate research space will be provided by a 
departmental appointment. Scholars may apply directly to the Presidential 
Biological Scholar Program or be nominated by Department Heads of the 
Carver College of Medicine's basic and clinical academic departments, 
‘or by the Department Chairs of units in the College of Liberal Ants and. 
‘Sciences at the University of lowa. 
Candidates must havea PhD.,or equivalet, anda demonstrated reco of 
ecellence in scholarship as evinced by publications in leading joumals 
inappropriate disciplines. Applications, inluding a cover eer aiating 
deparimeni() of interest, curiculum vita, list of references, anda sum 
tmary of research accomplishments and future plans, can be set 
Presidential Biological Scholar Program 
‘Richard Smith, M.D. Chair 
William Nauscef, M.D., Co-Chair 
Atta: Angie Robertsor 
Office of the Dean, 200 CMAB- 
‘The University of lowa 
Carver College of Medicine 
Towa City, 1A S2242-1101 
Alist of eligible departments is available at: 
Tp ww. lowa.edu/—pbachol 
The Unversity son Afirmative Action Equal Opportunity Employer 
‘and strongly encourages applicaions from women 
cand minority Condes. 


Chair, Department of Physiology 


The Virginia Commonwealth University School of Medicine seeks 
applicants for the position of Chair of the Department of Physiology. 

Applicants must be senioe investigators with a strong record of high 
‘quality research and research funding. experience in administration and 
Teaching and a history ofthe successful training and mentoring of young 
scientists. An advanced degree (PhD, MD or MD PhD) is required. Inves- 
tigators who have been involved in or who have promoted translational 
research are encouraged to apply. The Department has strong programs 
inmolecular cardiology and vascular disease, sensory neurobiology and 
{gastrointestinal physiology but applicants ia any discipline are sought. 
The Institution considers this position pivotal in its strategic plan of 
building its research infrastructure, promoting interdisciplinary science 
and bridging basic and clinical investigation. Accordingly. itis willing 
toprovide considerable resources into recruiting an outstanding scientist 
to lead this Department. 


Interested candidates should send their curriculum vitae and names of 
three references to: 
Gordon L. Archer, Chair 
Associate Dean for Research 
‘Schoo! of Medicine 
Virginia Commonwealth University 
Box 980865 
Richmond, VA 23298 
“garcher’a veu.ed 


VCU is an Equal Opportunity/Affirmative Action Employer. Women, 
‘minorities, and persons with disabilities are encouraged to apps 


The Janelia Farm Research Campus. a unique, 
world-class research community near Washington, 
D.C. is dedicated to understanding the function 
of neural circuits and developing synergistic 
imaging technology. Our highly collaborative 
structure is designed to support interdisciplinary 
work in small lab groups. One or more positions 
are available in each of the following labs: 

DMITRI CHKLOVSKII 


High-throughput reconstruction of wiring diagrams of 
‘neuronal circuits 


DAVID CLAYTON 
Mitochondrial-mediaved intracellular signaling 


JOSHUA DUDMAN 
atcgration and moor learning in the 


ALLA KARPOVA 


Gene-expression project in collaboration with Thomas Saidhof, 


LOREN LOOGER 
Engineering protein tools 

GENE MYERS 

Image analysis, modeling methods, and software, 
MICHAEL REISER 

Quantitative behavior experiments in Drosophila 

LYNN RIDDIFORD 

Growth and development of the Dromophile nervous system. 
DMITRY RINBERG 

Olfactory sensory information processing in the awake, 
Ibchaving mouse. 

JAMES W. TRUMAN 

Stern-cell-hased approaches for analyzing the construction 
and fanctioning of Draphila behavioral citcuits 


Learn more about Janelia Farm and these 
positions: www.hhmi.orgljanelia 


To apply. end your CV wo jfrejobs@janetia.hhmiorg 
In the subject line, include the word “Postdoc” and the name 
of the lab head{s) with whom you wish to work. If you have 
specific salary requirements, please include them in your 


The Howard Hughes Medical Institut sam equal opportunity mplayer. 


Science Careers 


31— Postdoc Survey 
"September 14—Faculty Positions 


Also available online at www.sciencecareers.org/businessfeatures 


TOOT huptemages orporaton 


Molecular Pharmacology Faculty 


Stony Brook University’s Department of Molecul 
‘of Medicine imvites applications trom outstanding ca 
stanVASsx 


‘are predoctral and postdoctoral vaining gra 
fellows, Program faculty focuses include signal transduction, invacellla 
Trafficking, col adhesion, development. and endocrine n 

systems from drasophila to mamr 

Required: M10 


ira major era of ganeics, development, coll ology stam cab 
ordiabotes 

The review of applications will begin on September 1, 2007, and continue 
until the position s filed. 

‘Applications con be sbeitnd by wai tthe address blow or olin 


‘ove latter indeating 
‘appointment atthe Assistant or 
Addresses, and e-mail addresses for tree individuals who have agreed to 
ite letters of recommendation. 

‘Michael Frohman, MD. Ph.D, Chai, Search Committee 
Pharmacological Sciences, Stony Brook University 


SUNY, Stony Brook, NY 11798-8651 ST@QNY 
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Sir William Dunn 
School of Pathology 


oF 


ORD 


César Milstein Professorship 
of Cancer Cell Biology 


‘Applications are invited for the above endowed 
(Chair, to be held at the Si Wiliam Dunn School 
of Pathology, and tenable from as soon as may 
be arranged. The successful candidate wil have 
demonstrated a capacity or potential for senior 
‘academic leadership in the area of cancer col 
‘molecular biology. He or sho wil be able to show 
evidence of management skils, an impressive 
publication record, and an ability to raise 
‘extensive research grant income. Applications, 
‘are welcomed from scientists with a strong 
Imerest in basse mechanisms underlying cancer 
‘development and progression. 


‘Anon-stipendiary fellowship at Lincoln College 
‘attached to the professorship. 


Further particulars, including details 
‘of how to apply, are available trom 
hnttp:/wwwadmin.ox.0c.uk/Ip/ or trom the 
Registrar, University Offices, Wellington 
‘Square, Oxtord OX1 240 Tel. (01868) 270200. 
The closing date for applications Is 3rd 
‘September 2007. 

The Uriverly san Equal Opportunies Emgoyer 


uk 


Ox jobs 


areer matters. 
Life matters. 


Health matters. 


{At the hear of al that matters ae people, connected in purpose by career, fe and health Sanof-avents, now one of 
the word's largest pharmaceutical companies, has crested a premier product poriolo and one of the industry’ rehest 
pele that wil et the course for emprovng the health of milions worlwide. We curently hve the flowing 
pportunty at out Bridgewater, MI locaton 


PRINCIPAL RESEARCH INVESTIGATOR, CELLULAR IMMUNOLOGY * Req S&MA7368 
In this independent role, you wil implement & overse in vo and ex vio studies focused on inflammatory or 
Immandlogcl endpoints fora dvese set of Bobogcal tages. Develo & optimize compound enabling systems in 
prenary ermune ces tat contrbute to program advancement. Cia evaluate Beate and in-house data order 
to deme innovative approaches to prbiem ching and propos new tages. Led ely rite-stage porary, eve 
1% functor representa program team environment & Substantaly cortbute to team screening cascades, 
timelines and goals Arye ard present high-quality data and superase acts ofa least one associate 


PRD. in Immunclogy. Cel Bology or Pharmacology with at least 2-4 years postdoctoral experience required, Must be 
recogpiaed w 4 scerttc expen enmurdlogy wfunmaton of aommune dsease The abit 1 crteay apprise 
Scenic erature in oer to impact pactcal and state approaches to project (Le, inate programs dese SPatepes, 
Screening cascades etc) exten Ma porsen knowledge of made components ofthe drug decovery proces etme 
through purtcpaton mand ladentp of ealy or late-stage programs, Research experience gamed inthe pharmaceutical 
industy drarable. Resewch experience wit human prmary immune cel, whole blood asays and competency in 
FACS based aralyss ako desrable. Krowedge and experience wit in vito of ex vivo human rodent inmunoeytes 
‘essere depth inowedge of rune cl ureter response, and knowledge of vo mods 3p 


Dicove your hue with sana avents. Apply onine today 
www.careers.sanofi-aventis.us A 
Sar ats el pero ele Sioa Sy 

iste tre mee arg enientinegeenm venom, SANOFI Aventis 
‘i pov wnenade Nistnetion espe oe a 8 ME 
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2008/09 Distinguished ar 


ars are available to ¢ 
‘Advanced Study’s 

908/09 Being 
enquiries with the Di 


catherine. paine@ durham ac-u). 


Closing date for applications is Faday 


website wwrw.durham.ac.ub/ias. Further o 


Gy MAYO CLINIC 


FACULTY POSITION IN CANCER RESEARCH 
Rochester, MN 


The Mayo Clinic Coll 
and the Mayo Clinic Cancer Center in Rochester, MN, is 
conducting a search fora highly competitive scientist at the Assistant, 
Associate. or Full Professor level with a focus on cancer research, All 


areas of cancer research experience are of interest although a focus on 
the hematologic malignancies or breast cancer is preferred. The Mayo 


Clinic in Rochester provides a unique research environment th 


Fell bines state-of-the-art research facilities and an exceptional academic 
mdical center. The Mayo Clinic Cancer Center is an NCI-designated 
Comprehensive Cancer Center. 


To learn more about Mayo Clinic or Rochest 
ayoctinic.org 


MN please visit 


Interested applicants should submit their curriculum vitae, list of 

potential references and brief statement of research accomplishments, 

interest and future directions. Application material should be submitted 
hy 


George G. Klee, M.D., Ph.D. 
hology and Laboratory Medi 
Search Committee, Chair 
Professor of Laboratory Medicine and Pathology 
Mayo Clinic College of Medicine 


Experimental 1s, Chair 


Mayo Foundation is an Affirmative Action and Equal Opportunity 
ripre-emplosment drug 
wired. 
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Does your next career step 
need direction? 


got the offerl've been 


With thousands of job postings, dreaming of 
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1 
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( 


ScienceCareers.org 


% Where can Ifind more grant options? 


ae % 
¥ wont acarees 


You know, ScienceCareers.org neleste ee, 


is part of the non-profit AAAS 


That means they'e putting 
something back into science There's only one place to go for career advice if you value the 
expertise of Science and the long experience of AAAS in 
supporting career advancement - ScienceCareers.org. The 


pages of Science and our website ScienceCareers.org offer: 


Thousands of job postings * Funding information 
Career advice articles and tools * Networking opportunities 


www.scie ncecareers.org: 


2007 INTERNATIONAL SYMPOSIUM ON PROTEIN ‘MODIFICATION AND DEGRADATION IN BEIJING 


Novembensay, 2007 


Keynote speakers 
‘Aaron Ciechanover 


2004 Nobel Laureate in 
Chemistry, Professor 


Technion-Israe! Institute 
of Technology, Israe! 


Presidents 
Dopei Liu 


Marc Kirschner 


Professor and Chairman, 
Department of Systems 
Biology, Harvard Medical 
‘School, Boston 


Belling Intematiofial, Convention Genter, Beijing, China 


‘Tse Wen Chang 
Inventor of antigE therapy for 
asthma and allergyDistinguished 
Research Fellow, Genomic Research 
Center, Academia Sinica, Taipel 


Zhu Chen 


Professor and President. Chinese Academy of Medical Sciences _Professor and Vice President, Chinese Academy of Sciences, China 


HTTP:/WWW.SPMDB.COM 


Invited speakers Hosted by 
‘Aaron Clechanover Raymond J Deshaies Peter Jackson «Tom Rapoport. Chinese Academy of Medical Sciences, China 
Ning Zheng Aled L Goldberg Danie! Finley Keij Tanaka Chinese Academy of Sciences, China 
George DeMartino Kun Ping Lu YiZhang XiHe “Tsinghua University, China 
Marc Kirschner Michael Karin Zhijan James Chen Chin Ha Chung Karolinska insitutet, Swedon 
Xingwang Deng Stefan Jentsch ‘Jesper Svejstup Brenda Schulman Harvard Medical Intemational, USA 
Yong Wan Tse Wen Chang Maria Masucci Ze'ev Ronai 
David Rubinsztein Xiaodong Wang Cheng Cao Depel Li 
Yue Xiong Jing Yuan Qimin Zhan Zhu Chen 
Stuart Lipton Hugues de The ‘Alan Weissman Kenneth Rock 
4 LAGRANGE PRIZE - FONDAZIONE CRT 
We ‘On Complex Systems 
CGIAR Challenge Programs I 
Call for Pre-Proposals Netea ok Coppenion na 2077 


CGIAR 


The Consultative Group on International Agricultural Research 
(www cgiarorg) invites all interested parties to develop pre-propos- 
als on any of the following ideas for Challenge Programs: (a) climate 
ch griculture and food security: (b) high-value crops (fruits and 
vexetables); and (c) combating desertification (deyland degradation) 
Concept notes on the above topics are found a: 
Ihutp2/www.cgiar.org/impactchallenge/ep_cycle2.htmal 


CGIAR Challenge Programs (CPs) have the following characteristics: 


+ Address complex issues of great global and/or regional significance 
+ Involve high impact research relating to CGIAR goals 

+ Work through broad parterships involving a wide range of institu 
independently governed 

+ Are committed to achieve specific objectives within an agroed time 


Each CP involves at least two CGIAR centersand research organizations 
from two developing country national agricultural researc 


roposals may be developed and submitted by any organization 
able of managing a major intemational agricultural research program, 
These must be submitted via email no later than September 10, 2007, 
to the following address: eppreproposalva cgiararg. 


More detailed information is available at 


{Petagarge ae -Fondadone CHT ss oct ese pe yer Bem 
Hovet Su operas asc nem mvt eo ecu wpa pn ee 
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POSITIONS OPEN 


ASSISTANT PROFESSOR 
Informatics for Natural Resources and Ecology 
‘Schoo! of Natural Resources 

The School of Natural Resources at the University 

‘of Arizona in Tucson invites applications for 3 
culty position at the Aswstant Prose 

level (40 percent reaching, 60 percent research; 
month appointment) with expertise rlated 0 
natural resources/ccological informatics. We seck a 
colleague (© provide leadership and expertise in 
methods and applications for integration of large 
biological, physical, social, and economic datasets 
across spatial and temporal scales to support natural 


Fesource management decision making. Desired qual 
itcat oF more degrees in nat 
sources or related discipline; expertise in 
modeling of natural systems, heterogencous. data 


structures, and data-model integration ae framework 
for decision making. at regional seales; 

lated to interactions among climate variably, land 
use and habitat change, and ccosystem structure, 
Function and environmental services; and experience 
working on collaborative, multkiscipinary team. A 
Full description is availalc by referencing job #37617 
‘online at website: heap: //www.dacarcertrack.com. 
The positions will remain open until sled, wit 

I reviews begin 


information, contac: David Breshears, Chae, tn 
formatics Search Committee at e-mails daveb@ 
cilsarizonaceda. or website: http://www cal, 
atizonacdu/smne. 

Te Une of Ansone Us an Afimatve Aon 
Opperman Linger somal io minding pring, sad 
{stone ne sommanty sf stank any, a nl 
‘aon Ay 


‘TWO TENURE-TRACK ASSISTANT 


PROFESSOR POSITION: 
Molecular Biology/ Microbiology/ Bioinformatics 
California State University, Fullerton 

California State University, Fullerton, Department 
of BiologialSsience invites applications fort 
nure-trick Awistant Prokssor positions to beg 
in August 2008, The applicants must havea M.D. in 
2 field 7 mofecular tology and related 
postdoctoral rescarch experince, The success can 


didates wil be expected to develop active, externally 
Funded research programs related to microbiology 
to bioinformaticy/genomies. They will be enco. 


aed to establish tnterdsciphinary collaborations and 
‘expected to involve undergraduate and Master's level 
students in their rescarch. Teaching responsibilities 
Will include introductory and advanced-Fevel cow 

in microbiology, molecular biology, genetics, or bio 
informatics. The successful 

‘committed to excellena in tea 
lation of students. Send: (1) curriculum vitae (includ 
ing a history of grant support), (2) a statement of 
rescarch plane and potential for collaboration, (3) 960, 
‘or theve related publications, (4) a statement of 
teaching pillsopny experience, and prfrens for 
tuppet-divsion ch cs, bd (5) three letters 
‘of recommendation to: Chair, Molecular Biology 
Search, Department of Biological Science, Cal 
fornia’ State University, Fullerton, P.O, Box 
6850, Fullerton, CA 92834-6850 (websit 
hup:/ /biology.fullerton.edu). Review of applics 
tions will begin 1 October 2007, and continue une 
suitable candidates are appointed. Hime anal minorty 
adder ave partially exouraged 10 apply Airave 
Aition/ Equal Opportunity Tile IX/ADA Employer. 


CAREER OPPORTUNITY 

This unique program offers the candidate with an 
‘earned Doctorate in the life sciences the opportunity 
to obtain the Doctor of Optometry (O.D.) degree in 
27 months (beginning in March of each year) 
Employment opportunities exist in research, educa 
tion, industry, and private practice. Contact the 
Admissions Office, telephone: 800-824-5526 at 
the New England’ College of Optometry, 424 
Beacon Street, Boston, MA 02115. Adcition:l inter 
maton at website tp://wew.neo edu ema 


admissions@neco. 


150 
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INSTITUT PASTEUR 


POSTDOCTORAL FELLOWSHIPS 
Institut Pasteur, Paris, France 
Founded in 1887 by Louis Pasteur and lo- 
cated in the heart of Pars, the Institut Pasteur 
2 world-renowned private research orgs 


nization. The Pasteur Foundation of New York 
is secking outstanding fellowship applicants 


Candidates may apply to any laboratory within 
10 Departments: Cll Biology an Infection, De- 
velopmental Biology, Genomes and Genétics, 
Immunology, Infecace and Epitemiology, Mi 
<robvology, Neuresoence, Parasitology and My 
‘cology, Structural Biology and Chemisty, and 
Virology. Sce website for details. Annual pack: 
age fs $70,000 for thrce years. This isa biannual 
call for applicants, sce website for deadlines 
US. cdzenhip mye 

E-mail: pasteurus@aol.com. Website: 
lhutp:///www.pasteurfoundation.org. 


POSTDOCTORAL RESEARCH FELLOWSHIP 
in Blood Cell Biology 

ram in Transfusion Medicine 

ical School Affiliated Institutions 
Boston, Massachusetts 

Applications are now being accepted for Post 
doctor (MLD. ar Ph.D.) Fellows who desire re 
scarch carvers in the expanding, mulesdisciplinary fick! 
(oF blood well biology” The Program offers a sim 
tating ervironmcnt with various basic science and 
applied rescarch opportunities, and is supported by 
senior faculty ia the Depat 
Pathology, Hematology /On. 
Fellows will conduct inde 


Joint 
Harvard Mec 


portunities for collaborative and interlaboratory pro 
Jesh principal rescah Hk inche tm cll 
‘ology inching ummune modulation, gene therapy, 
ceancer immunclogy, platelet biology, and hemat 
ppoicsis Publication in'an intemational pecr-reviowed 
Journal isa pretequiie for acceptance into the Pro- 
ram. As per NIH guidelines, candidare must be a 

tizen ofthe U.S. ar held permanent residency status in 

he US. to apply. Send curriculum vitae, statement of 
interest, and three reference letters to: Leslie E. 
Silberstein, M.D., Director, Joint Program in 
‘Transfusion Medicine, ¢/o ‘Blair Owren, Chil 
dren's Hospital, Boston, Karp Family Research 
Building, 10th Floor, Room 10217, 1 Blackfan 
Cirde, Boston, MA 02115 or via email: blaie. 
owran@childrens.harvard.od. 

Aime Aen Opprnty Egeye 

CHILDREN’S HOSPITAL BOSTON 

The Division of Respiratory Diseases, Children’s 
Hospital and the Department of Pediatrics, Harvard 
Medical School is sccking a scientist (MD. and/or 
Ph.D.) who is interested in the study of inflamma: 
tion, Salary and rank commensurate with experience 
A strong publication record in the area of inflam 

' required. Please send resume and names of 

ices to: Dr. Craig, Geran, Chair, Pediatric 
Respiratory Search Committee, 300 Longwood 
Avenue, Boston, MA 02115. Ciiley's Hosal i an 
Ejual Opporminy Employer. Women and minors are 

cursed 0 pp 


POSITIONS OPEN. 


POSTDOCTORAL POSITIONS 
‘Thermoregulation and Inflammation 
We are looking 
LOWS/RESEARCH ASSOCIATES to sty 
mediators of fever and hypothermia in syst 
fammaton, physiological roles of transit recep 
erential channels, and behavioral thermoregulation 
rats and mice. Background in systems physiology, 
molecular biology, or immunohistachemistry neuro 
anatomy is preferred, bur the ability to think and work 
independendy, dedication to work, and persistence in 
the face of failure are more important than the area of 
specialization. A spectic direction of research will be 
determined by the Laboratory director to closdy match 
¢ line of expertixe and interests of cash succes 
‘candidate, Mandatory requirements include an ad 
sanced degree, a track record of pecr-reviewed pub: 
licatons, excdicnt computer skills, and goo! wating 
shils. Recent publications from the Laboratory in: 
clude Public Library of Science Bilagy 42284, 2006, 
and ONE 1:1, 2006, published online. Mail your 
‘curriculum vitae, reprints of full-length papers, a brief 
‘description of research inerests and carcer goals, and 
frames, email addresses, and telephone numbers of at 
least two references t: Andrej A. Romanovsky, 
M.D., Ph.D., Director, Systemic Inflammation 
Laboratory, St. Joseph's Hospital, 350 W. Thomas 
Road, Phoenix, AZ 85013 U.S.A. “insect 
Equal Opponiy Employer 


DIRECTOR for MUSCLE and AGING 
RESEARCH UNIT 
Boston Medlical Center 
Ph.D, scientist with five years of postdoctoral ex 
pepe in ac use low ste etl 
abo 
‘cation required; attract 
Sppointment at ASSOCIATE PRO 
ponsife, Pease email curriculum 
Inamercurio@bmc.org or call Ana Mercurio at 
telephone: 617-414-1833 if you wou! ike more 


POSTDOCTORAL POSITION available wo 
study the genetics, molecular al cal Wology of aging. 
in yeast (€48, Seo et ala, Aging Cell 6:405, 2007), 
Applicants should have” waining/esperience in one 
ff the above areas and facility with recombinants 
DNA. Send curriculum vitae and names and 
adalesses of thrce references to: S, Michal Jazwinski 
(e-mail: sjaxwi@suhsc.edu), Department of Bio: 
chemistry and Molecular’ Biology, Louisiana 
State University Health Sciences Center, 1901 
Perdido Street, New Orleans, LA 70112 U.S.A. 
Afirtive Aion Epa! Oppertunty Lingle 

MOLECULAR BIOCHEMIST to study 
transciption-induced hypermutation inhuman cc 
lines. Expertise in genetic engincering and call cult 
techniques required. Postion available this Augus 
Sen curriculum vitae to e-mail barbara.wright@mso, 
tumtedu, University of Montana, Afni Aion 
Opportnty Lingo. 


MARKETPLACE 


Oligo Synthesis Reagents 


BIOSEARCH — +1.800.GENOME.1 
TECHNOLOGIES way bisynthesiscOm 


POSTDOCTORAL POSITIONS available im 
media at the nowly eaabiched NanaMedicne Cen 


areas: (1) nuclear magnetic n 
fhologs; (.) smalhangle satering of x-rays and 
neutrons. Send curriculum vite and 2 one-page re 


search statement to e-mail: byu@rx.umaryland.edu. 


VOL 317 SCIENCE 


ree shipping for 20+ reac 
High theoughput, Direct sequ 
ing from bacteria, phage, genon 
DNA, PCR products, ha 


wwrwsciencecareers.org 


What can Science STKE give me? 


A The definitive resource on 
cellular regulation 


STKE- Signal Transduction 
Knowledge Environment offers: 
* Aweekly electronic journal 
© Information management tools 
© Alab manual to help you organize 
your research 
© Aninteractive database of signaling 
pathways 


STKE gives you essential tools to power your understanding 
of cell signaling. It is also a vibrant virtual community, 
where researchers from around the world come together 
to exchange information and ideas. For more information 
go to www.stke.org 


Science 
To sign up today, visit promo.aaas.org/stkeas stke 
Sitewide access is available for institutions. | _BNAAas| 
To find out more e-mail stkelicense@aaas.or; 


VEECO BIOSCOPE™ II: THE PERFORMANCE REVOLUTION FOR LIFE SCIENCE IMAGING 


Veeco brings a new level of resolution to your advan gh 9 he world leader in atomic force 
croscopy, Veeco has now combined the power c Light mic y ‘ope II AFM. As shown above, 
researchers at University ania's Nano-Bio Interfa er uctures in neuronal cells by 
correlating AFM an cence data. The BioScop a and resolution of their findings, enabling 
researchers to get results which were previously impossible. Learn how to put the power of Vee formance to work for 


you at www.veeco.com/bioafm. 


